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Preface
The cost and effort of the printing and distribution of this
report have been provided by the Midwest Archeological Center of the
National Park Service.
This volume was written in order to assist individuals who do
their own geophysical surveys at archaeological sites.
This is one
volume (volume B) of a three-volume report.
This volume is
moderately self-contained, and it is not necessary to read the other
two volumes in order to understand most of the information here.
The three combined volumes of this report are available only as
a microfiche (sheets of microfilm that can be read with a magnifying
lens or with a special microfiche viewer). You may obtain a copy of
this microfiche at no charge by writing the author at:
Bruce Bevan
Geosight
356 Waddy Drive
Weems, VA 22576
USA
Volume A of the report has a general description of the
Petersburg Battlefield where this survey was done, and it summarizes
the history of the site; this volume also has guidance about how a
geophysical survey might be specified and how an excavation might
follow a geophysical survey.
Volume A includes the publication
references and notes about the figures in all three volumes.
While
volume A is not technical, volume C is very technical.
Volume C
describes how geophysical measurements change with time and weather;
it also shows how detailed methods of geophysical interpretation can
add information to a survey.
Volume C also discusses the elaborate
procedures of resistivity pseudosections and seismic surveys.
This is the third edition of the report. The first and limited
edition was photocopied for a National Park Service course which was
held at the Colonial National Historical Park; that edition is dated
24 April 1995. The second edition, dated 26 January 1996, corrected
typographical errors in the first edition; the second edition is
available only as the microfiche mentioned above.
Further errors
have been corrected in this third edition.
Note that the National Park Service does not endorse specific
models of the geophysical instruments which were applied to these
geophysical surveys.
There are many different instruments made by
many different manufacturers which are also excellent for geophysical
surveys of archaeological sites.
Additional Note.
This is the third edition of a report
originally published as Geosight Technical Report Number 4, Volume B,
which was last revised March 6, 1998. The original title page bears
the notice “This report may be freely copied and distributed.”
The
main text pages of the present volume match the pagination of the
original, except that the designation “B- ” has been omitted from the
page numbering scheme in this most recent printing. For example, the
text on p. B-23 in the original document corresponds exactly to the
text as it appears on p. 23 in this version. All figures and figure
notes are numbered as in the original, but the pagination is unique
to this reprinting for the References and Figure Notes sections,
which originally appeared in Volume A.
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Introduction
This volume is written for all archaeologists who would like to
learn how to do geophysical surveys.
While this volume is more
detailed than volume A, I have kept the technical complexity to a
minimum.
Even if you are not interested in doing your own
geophysical surveys, you may wish to look quickly at this volume in
order to learn more about the practices of geophysical exploration.
This might help you to specify how a geophysical survey should be
done by someone else.
There are many advantages if you do your own geophysical survey.
You will be able to do it just as you wish and when you wish. Since
you will probably be excavating the site after your survey, you will
easily be able to compare the excavation finds to your geophysical
results. You may even wish to start an additional survey after your
excavations have begun in order to understand the character of a
feature which extends outside your excavation.
You may also do geophysical surveys in the bottom or along the
sides of your excavations. These may reveal invisible features just
behind the excavated surface.
A geophysical survey on a vertical
excavation surface can provide an objective map of the character of
the soil through a shallow depth into the unexcavated soil. Any of
the different types of survey can be done within excavations; the
major difference is that the measurements are made very close
together.
I believe that any archaeologist could do good geophysical
surveys; the mental and physical requirements of archaeology and
geophysics are very similar. There are some differences too. While
geophysics is easier on the knees, it also requires precision while
doing repetitive work.
You definitely do not need to have a
technical background to do geophysical surveys, but you will save
time if you can make simple electrical repairs; cables and connectors
frequently break.
Geophysical surveys can be done (and often are
done) in weather which would halt most excavations.
If you do not
mind doing a walking reconnaissance as a search for archaeological
sites, you do not mind collecting spider webs on your ears as you
pass between the trees; geophysics is the same.
If you wish to do
good work, you will have to do at least one or two geophysical
surveys a year; if you do fewer, you will forget the procedures.
In this volume, I will be emphasizing topics which have not been
described very completely in other publications.
I will not
duplicate the clear introductions which others have given to
resistivity and magnetic surveys. However, I will describe how to do
resistivity soundings, and I will also describe simple procedures for
magnetic mapping and interpretation. My discussions of conductivity
and radar surveys will be more complete than usual, because rather
little has been written about practical procedures for these surveys
before.
Sources of equipment
Geophysical equipment is expensive.
You should not plan on
buying equipment for the first few surveys that you do; you should
rent or borrow the instruments.
Most of the companies which
manufacture geophysical instruments will rent, and sometimes loan,
their instruments so that prospective buyers can become familiar with
them before they consider a purchase. There are also many companies
which rent a wide selection of geophysical instruments.
The ones
which I have heard of are listed below:
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Addison and Baxter Ltd.
12 Howard Way
Cromwell Business Park
Newport Pagnell, Buckinghamshire
UK
MK16 9QR

Bison Instruments, Inc.
5610 Rowland Road
Minneapolis, Minnesota 55343
USA
phone 612-931-0051

J.D.Fett Instrument Rentals
Building 2
4807 Spicewood Springs Road
Austin, Texas 78759 USA
phone 512-346-4042

Geophysical/Geological Instrument
and Supply Co.
900 Broadway
Denver, Colorado 80203 USA
phone 303-863-8881

and

and
Mitcham Industries, Inc.
Terraplus USA Inc.
Post Office Box 1175
625 Valley Road
Huntsville, Texas 77342 USA
Littleton, Colorado 80124 USA
phone 409-291-2277
phone 303-799-4140
There are also two directories which list the manufacturers of
geophysical instruments; both of these are published once a year. One
of these is called The Geophysical Directory, and the address is in
Volume A.
The other is the yearbook of the Society of Exploration
Geophysicists; this is published in every May issue of their magazine
called The Leading Edge.
If you are familiar with electronics, you may construct some
instruments yourself, such as a proton magnetometer (Harknett 1969;
Steponaitis and Brain 1976) or a resistivity meter (Williams 1984).
In the following sections, I will give additional information
about specific types of instruments.
Survey preliminaries
If you are doing a survey at a site which is new to you, you
should learn enough about it so that you can decide which instruments
might be suitable.
Ground-based or aerial photographs will give a
good idea of topography and trees, and perhaps also the brush at the
site. If the site is very remote, you may find that only satellite
photographs are available. Be sure to check if any other geophysical
surveys have been done in the general area of the site.
Check for
surveys at nearby archaeological sites; if you can, also check for
geophysical surveys which have been done for other applications in
the area. These publications may reveal difficulties with the local
type of soil and rock which will affect your survey.
Try to get
copies of historical maps and photographs of the site.
Convert all
of these maps to the scale of your site map so that they can be
compared.
If you cannot find a detailed geological map of the area, a
world map may have enough information to help (Choubert and FaureMuret 1976).
The voltage and frequency of the local power lines
should be checked (U.S. Department of Commerce 1975).
The
anticipated temperature and rainfall during the survey period should
also be estimated (Rudloff 1981).
You should check for all of the sources of difficulty and
interference which are listed in Fig. A94 and Fig. A95. If there are
buried pipes or wires at the site, try to get maps of them. If there
is a likelihood of many unknown utility lines, you may need to try to
locate them before you start the survey.
You could use a linetracing instrument to map conductive pipes and wires. There are two
separate components to these instruments; one component induces an
alternating current with an audio frequency onto the conductor and
the other component allows you to follow the signal and delineate the
conductor.
It may also be valuable to make a preliminary test of the site
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with the geophysical instrument which you intend to use; this is
particularly important for magnetic and conductivity surveys.
A
series of fast, unrecorded measurements will indicate the range of
values to be expected.
This test may also locate some large
geophysical anomalies which should be included or excluded from the
area of the survey.
If the survey will be done in an area where grass is mown, it
will help if the mowers can be notified so that there is not a
conflict between their work and yours.
Setting up a grid
The normal procedures of archaeological mapping are almost
always suitable for setting up the grid for a geophysical survey. The
analysis of magnetic maps is somewhat simpler if their grids are
aligned close to magnetic north.
When errors are made in a
geophysical survey, they can create false anomalies which are
extended along the direction in which the measurements are made. For
this reason, it may help if the grid is not aligned with the
suspected direction of buried structures.
Sometimes, a geophysical survey is done to map a feature whose
approximate location is known.
Even if the area is known exactly,
the area of survey should go well outside the feature.
This will
allow the geophysical character of the feature to be compared to the
surrounding earth where there are no features.
The total area of
survey is likely to be 3 - 5 times the area of the feature.
If a geophysical survey is to be done on the side of a
moderately steep slope, it may be necessary for coordinates to be
determined by distances on the sloping surface, rather than
horizontal distances.
If it is not possible to correct the
measurement locations to a horizontal surface, this should be
mentioned in your report.
Your usual methods of coordinate nomenclature will be suitable
for the geophysical survey.
If the grid is aligned closely with
north, these coordinates can be called East and North, resulting in a
point being described as E141.5 N52.0, for example.
At some
archaeological sites, a coordinate label specifies an area, such as a
10 m square area for excavation; since these types of coordinates do
not specify points, they are difficult to use for a geophysical
survey. It is easier if the coordinates are small numbers. If the
state plane coordinates of the USA or the coordinates of the
Universal Transverse Mercator system are used, these numbers can be
truncated for simplicity of recording. In most geophysical recording
systems, positive coordinates are North and East, while South and
West are given negative values; a designation of South 23 is the same
as a North value of -23. In this report, the borders of all of the
contour maps have negative values for south and west coordinates;
grid north is always toward the top of each figure.
In some
coordinate systems, the labels X and Y will substitute for
approximate East and North directions.
A geophysical grid is defined by a reference point and a
direction, or by two reference points.
If there is an historical
building at the site, it may be practical to align the geophysical
grid with the direction of that building, and make a corner of that
building the reference point for the grid.
This is what I did at
Petersburg; see Fig. A77.
If the area of survey is larger than 200 m long, it may be
necessary to use a good transit, theodolite, or EDM (Electronic
Distance Measurement) instrument to locate the stakes. Since the area
of my staking at Petersburg covered a distance of about 700 m, I used
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a theodolite to determine the stake locations.
Small dots in Fig. A68 locate the wooden stakes which I set;
these are spaced to form 100 ft (30 m) squares.
I drove wooden
stakes which were about 2 cm square into the ground so that they
extended above the ground by only about 1 cm.
This prevented any
problem from lawn mowing and people walking in the area.
I also
sprayed blue paint on the ground and grass in the vicinity to help
locate the stakes. I worked at Petersburg at intervals separated by
a month or so. When I arrived for a period of field work, I had to
relocate the stakes.
If the blue paint from the prior survey was
still readily visible (as it was in the winter), the stakes were easy
to find. If the paint was lost, I had to relocate the stakes with a
tape measure. Then, I placed flags on tall plastic rods to mark each
stake location for the week of my survey; I removed these at the end
of the week.
I left the flags in the wooded area between surveys,
but these were gradually lost during the two years of survey.
On
average, it took me 1.8 hours to relocate and mark these stakes every
time I returned to Petersburg.
Most surveys are done in smaller areas, and simple equipment is
adequate for setting up the grid. One of the most valuable items is
an optical right angle sight.
These small instruments use glass
pentaprisms to allow quite accurate 90 degree angles to be
determined. They cost about US $100 and can be bought from companies
which sell equipment to surveyors.
A tape measure can be used to
make a 90 degree angle with the aid of a triangle whose sides are a
multiple of 3, 4, and 5 m (Gardner 1964), but the optical sight is
much easier and more accurate.
It is much better to have geographic north (also called true
north) on the site map rather than magnetic north; this is because
the direction of magnetic north changes from year to year (Layne
1995). In the USA, magnetic north has changed direction by 5 - 10
degrees during the last century. At London, where records have been
kept longer, magnetic north has changed by over 30 degrees in the
last 400 years. For all practical purposes, true north is a constant
direction. While magnetic north can be estimated to an error of less
than about 3 degrees with a compass, different procedures are needed
to find geographic north.
While these procedures are somewhat more
difficult, they are also more accurate than a compass measurement.
Five different methods are outlined below.
Get an accurate map of the area (such as a U.S. Geological
Survey topographic map if the area is in the USA) which has a true
north arrow or a latitude / longitude grid. See if there is a long
linear feature near your area of interest; this feature might be a
straight section of road or railroad track.
Measure the true angle
of this feature on the map with a good protractor to an accuracy of
about a degree.
With a transit, theodolite, or EDM, transfer this
angle from the feature to your site. As an alternative, measure the
azimuth of the linear feature with a magnetic compass (if there is
iron at the feature, put a pair of stakes offset from the feature by
at least 10 m and measure their angle); subtract the measured true
angle and the result is the magnetic azimuth of true north.
At Petersburg, the straight section of the park road, shown in
Fig. A68, may be adequate, but it is rather short. I measured this
angle, but it gave me an error of about 2 degrees.
If you know the magnetic declination at the location, this will
allow you to convert magnetic north to true north. First, calibrate
your compass (without this, you should expect an error of as much as
about 5 degrees); a precise needle compass, such as a surveyor's
compass or a trough compass on a theodolite is needed. The accuracy
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of the measurement is also limited by the fact that the direction of
magnetic north changes by about 0.2 degree during the average day.
Then, determine the magnetic declination at your site on the date of
your measurements. There are several ways of doing this.
A recent, good navigational or topographic map of the area will
show the magnetic declination at a particular date and may also give
an estimate of the annual change in declination.
Without a
correction for the annual change, maps older than 10 years may have
an error of over one degree. A local surveyor may know the current
value of declination.
In the USA, the current magnetic declination
for any location can be determined by contacting the National
Geophysical Data Center (NOAA, Code E/GC4, 325 Broadway, Boulder,
Colorado 80303). Fig. C17 is a plot of the change in magnetic
declination at Petersburg which I have determined from the computer
program USHD which is available from the NGDC above.
Outside the
USA, the current magnetic declination can be estimated from a global
approximation of the magnetic field of the Earth; this procedure is
described in Volume C.
At Petersburg, my measurements with a magnetic compass indicate
that magnetic north is about 7 degrees west of the grid north which I
used; I estimate that the error of this magnetic north direction
could be about 2 degrees. As seen in Fig. C17, true north during the
time of this survey was about 9 degrees east of magnetic north, so
true north should be about 2 degrees to the east of grid north.
The procedures above are adequate if you wish to determine the
direction of true north to an accuracy of about 1 degree; if you need
an angular accuracy of one minute or better you could measure the
direction of the Sun, or a planet or star.
For this astronomical
method, you will need to know the precise time, and the location of
the measurement to a moderate accuracy. The direction to the Sun can
be calculated for any time and location, just as was done for the
photographic analysis of Fig. A85.
True north is determined by
measuring the actual direction to the Sun and comparing it to the
calculated direction (Davis and others 1986 p. 430).
Accurate time is best gotten from short wave radio stations,
such as WWV from the USA (5, 10, 15 MHz), CHU from Canada (7335,
14670 kHz), or the BBC (the start of the 6th pip marks the hour). An
accuracy to within about a half second is needed.
The location of
your test can be determined with adequate accuracy using a good map.
The angle or the azimuth of the Sun can be measured with a
transit, theodolite, or compass, depending on the accuracy needed. An
Electronic Distance Measuring instrument probably is not suitable for
observation of the Sun, for the Sun's brightness can damage the
sensors of the EDM.
The true angle of the Sun can be calculated by one of several
approaches.
If you will do only infrequent measurements of true
north, it may be easiest to get an almanac (Elgin, Knowles, and Senne
1994). The angle of the Sun may also be determined by trigonometric
calculations with a simple hand calculator (Duffett-Smith 1988).
My solar measurements at Petersburg indicate that true north is
an angle of 2 degrees 2 minutes east of the grid north which I used.
I measured this direction twice (in 1991 and 1993) and found a
difference between the two measurements of less than 2 minutes.
The geographic coordinates of two staked locations can be
determined with a GPS receiver; differential measurements will
usually be necessary for sufficient accuracy. These coordinates can
be converted to a geographic direction relative to true north.
A
gyroscopic compass may be suitable if the site is underground or if
clouds prevent a solar observation (Davis and others 1981 p. 486).
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General survey procedures
The general procedures which I use are described here.
While
others have different procedures, I find the methods here to be very
efficient and fast.
Geophysical surveys are commonly done within rectangular areas,
but other measurement procedures are best for some applications. The
boundary of the site may be defined by trees or bushes and therefore
it could be a complex shape; the geophysical survey can be extended
to fill the irregular area, although this will take more survey time
than that needed for a simple rectangular area.
Geophysical
measurements are often made in a checkerboard pattern.
The grid of
points is a square pattern and the spacing between the measurements
is the same in the two perpendicular directions. Widely-spaced lines
of measurement may be suitable for locating large features or for
defining the boundary of a site.
These may be single, isolated
lines; however, sometimes a group of two or three closely-spaced
parallel lines can give more reliable data.
These groups of lines
may be widely separated.
The lines of measurement may also radiate
from a point; this may be suitable only for the survey of a mound.
During the geophysical survey of a rectangular grid, points are
most readily located with the aid of a guide rope which crosses the
grid.
Tape measures may be placed along the two opposite sides of
the grid and the guide rope may be stretched between the
corresponding points on the two tape measures.
Instead of tape
measures, which will blow aside, it may be better to place temporary
markers at the points where the guide rope will be set; small stakes,
stones, or spray paint marks can be used for this.
While fiberglass or cloth tape measures are accurate, they are
difficult to use if the site is windy. Calibrated ropes, called rope
chains or surveyor's ropes, are much easier to work with. These are
essentially non-elastic ropes which have permanent markers along
their length at 0.5 m intervals. These can be pulled quite tight and
there is no problem with them turning the wrong side upwards. These
rope chains can be bought from several manufacturers of survey
equipment.
A normal rope which has been calibrated is also excellent for
the guide rope which defines each line of measurement. If it is nonelastic, it will be more accurate.
However, if there are trees in
the way, or if the surface is steep, a non-elastic rope will be too
short at its ends and points will be in error. For these situations,
an elastic rope will be better. A normal cotton or nylon rope can be
stretched by about 1 m in a 100 m length. This rope can be prepared
with markers along it which indicate each measurement point.
These
markers may be painted bands; distinctive marks should indicate 10 m
multiples.
After each line of measurement is finished, the guide rope can
be moved parallel and a new line begun.
For conductivity and
magnetic surveys, you will be able to estimate short distances
visually from the rope to the measurement points, and it may not be
necessary to move the rope for every line of measurement. Depending
on the accuracy needed, it may be possible to estimate the correct
distance from the rope for one or two lines of measurement on either
side of the rope. This will save time. For most types of survey, it
is good to try for a maximum error in the location of measurements
which is about a quarter of the distance between measurements.
Unless there is a good reason for another orientation, the guide
rope should always be extended the long direction of the survey
rectangle. This will reduce the number of times that the rope needs
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to be moved, and it will speed the survey. For the same reason, the
lines of measurement should be as long as possible.
There are several different types of measurement traverse which
are suitable for geophysical surveys. For some surveys, a zig-zag or
boustrophedon survey will be fastest; after you finish a line, you
turn around and measure in the other direction.
For some surveys,
measurements may be more accurate if they are recorded while
traversing in only one direction.
For other surveys, a serpentine
sequence may be easiest and fastest.
A few measurements are made
along a line moving away from the guide rope; then you move forward
one measurement interval and make measurements moving toward the rope
and then across it to the other side.
During my survey of the Taylor House grid at Petersburg, my
preferred direction for the guide rope was east-west, and the
traverses were 170 ft (52 m) long.
For the Fort Morton survey, my
magnetic and conductivity measurements were made along continuous
north-south lines which were 600 ft (183 m) long.
During the Fort
Morton surveys, I moved the rope after every 3 or 5 measurement
traverses. I placed a line of flagged poles to mark the next line of
the rope; because of the hill there and the woods, it was not
possible to see from one end of the survey line to the other. In the
wooded area, the rope could not be moved sideways, but had to be
pulled in and reset on the next line; each shift took me about 22
minutes.
Many geophysical instruments are computerized now, and there is
no need to write down any measurements.
However, it is still
important to write down many notes about the survey.
These notes
will indicate the spacing between measurements, the direction of the
traverses, the direction in which parallel lines progress, and the
settings of the geophysical instrument. The notes will also indicate
the date of the survey and the start and stop times. The weather can
be noted, for it may affect the measurements.
If the measurements are recorded with pencil and paper, these
should be written as a matrix of numbers on a page; a notebook with
lines ruled in perpendicular directions will simplify this, and I
have found it best to write the numbers at the intersections of
lines.
The numbers should not be written as isolated lists of
numbers, for this makes it difficult to compare one measurement
traverse to the next. As you do the survey, you will want to compare
your current measurements to those you found on the adjacent line
which you just finished.
If you find that they are consistently
higher or lower than those numbers, it will alert you to a possible
error. Also, you may be able to see the pattern of measurements, and
this may suggest that you should extend your area of survey in order
to explore the geophysical anomaly further.
If your measurements are stored in the internal memory of your
geophysical instruments, you may have little idea of what your survey
has found until you make a map of your measurements later.
Do not
wait until the end of your survey to do this, unless you are willing
to gamble that you made no error which will cause you to have to redo
all of your measurements.
Resistivity Surveys
If you have never done a geophysical survey before, a resistivity
survey should be the first one you do.
Resistivity surveys are
simpler than all of the other surveys, and there are fewer things to
go wrong.
While the measurements can be rather slow, resistivity
surveys give good results at more sites than will any other type of
survey. Good introductions to resistivity surveying have been given
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by several authors (Clark 1990; Weymouth and Huggins 1985; Aitken
1974; Tite 1972; Clark 1969).
Because of these other good sources,
this section will rather short, and I will emphasize procedures which
are not described in these other introductions.
With a resistivity survey, the electrical resistivity of the
soil is measured.
The unit of resistivity is the ohm-meter,
abbreviated ohm-m, where a Greek capital omega can replace the word
ohm.
This unit indicates the difficulty of sending an electrical
current through the soil. A high value of resistivity means that the
soil does not readily conduct an electrical current.
Sand, gravel,
stone, and very dry soil have a high electrical resistivity.
Soil
which has a large fraction of clay, or which is wet or saline, has a
low electrical resistivity.
Metals have the lowest resistivity.
A
short list of approximate resistivities is given below:
Resistivity,
Conductivity,
Soil
ohm-m
mS/m
-------------------------------------------------------------Sand, gravel
1000 - 10,000
0.1 - 1
Silty sand
200 - 1000
1 - 5
Loam
80 - 200
5 - 12.5
Silt
40 - 80
12.5 - 25
Clay
10 - 40
25 - 100
Saline soil
5 - 10
100 - 200
The values for electrical conductivity are also listed; as you can
see, these increase as the resistivity decreases.
Conductivity is
measured with a quite different type of instrument; it will be
described later.
Instruments
Resistivity meters are the least expensive of all of the
geophysical instruments.
This is partly because they are rather
simple in their electronic circuitry; it is also due to the fact that
they are widely used for many applications.
While geophysical
exploration is a common application, resistivity meters are also used
to determine the quality of a grounding rod of an electrical power
station or a transmitting antenna.
A few years ago, I wrote a
summary of the resistivity meters which I could locate and which were
available for sale (Bevan 1993); this list may still provide some
help to your selection of a meter.
If you are familiar with
electronics, you may be able to build your own resistivity meter
(Williams 1984).
The basic parts of a resistivity meter are very simple. Fig. B1
shows that you can construct one with a very few components.
This
simple meter will be excellent for your initial tests and will show
you the general principle of a resistivity meter; it may also be
helpful as an emergency meter. This resistivity meter will be slower
to operate than a more expensive meter, but its accuracy may be
almost as good.
The major expense for this meter will be the purchase of a good
digital multimeter for measuring voltage and current. The only other
parts for this meter are:
a 6 - 12 volt battery, metal rods for
electrodes, and wire.
You will be able to buy the equipment for this resistivity meter
at many electrical stores.
Digital multimeters are small hand-held
instruments for measuring voltage, current, and resistance.
These
instruments are powered by a battery, perhaps a 9 V battery or
several small 1.5 V cells of the AA size. The measurements are shown
on a liquid crystal display (LCD); there will be 3 - 4 digits of
precision shown on the display.
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Probably any digital multimeter (DMM) would be adequate for this
resistivity meter.
You will be measuring a direct current (DC)
voltage of about 5 to 500 mV (millivolts; 5 mV = 0.005 V) to a
precision of about 1 mV.
You will also be measuring a current of
about 1 - 10 mA (milliamperes; 1 mA = 0.001 ampere) to a precision of
about 0.1 mA.
It is likely that the older type of analog meter, which has a
pointer moving over a dial, would not be adequate for this work;
however, if you have nothing else, you should try this type of meter.
This type of meter is called a volt-ohm-milliameter or VOM.
The
principal disadvantage of a VOM is that difficult to read the dial
with sufficient precision.
Digital multimeters also have a higher
input impedance (generally over 10 megohm) than a VOM; this means
that the meter itself does not change the measurements by drawing too
much power from the circuit being measured.
Your next purchase will be a battery for sending an electrical
current through the earth. A voltage in the range of 6 to 12 V will
probably be fine. You could use a common lantern battery (6 V) or a
lightweight and rechargeable motorcycle battery (12 V). As indicated
in Fig. B1, you may also make a 9 V battery, with 6 medium-sized C
cells (each with a voltage of 1.5 V) wired in series.
The C cells
were held in a plastic battery compartment. Since the current output
from this battery is very small, this battery would last for over a
year's worth of measurements.
The voltage of the battery is not very important. If you wish
to measure the earth to a depth greater than 10 m, or if the soil is
quite dry, you may need a higher battery voltage in order to get
enough current to flow in the soil; a lower precision DMM or VOM may
also require a higher voltage for the battery.
Commercial
resistivity meters can apply voltages of 40 - 1000 volts to the
earth.
At these higher voltages, painful or dangerous shocks are
possible if one is not careful; since you know that you can grab both
terminals of a 12 V battery without harm, this lower voltage is quite
safe.
You will also need four metal electrodes; these will be driven
into the soil to a depth of about 2 - 10 cm. The electrodes can be
made of iron, aluminum, brass, or any other metal.
Nails or
screwdrivers will work fine.
Meat skewers made for barbecues are
ideal; these are iron rods which are 25 cm long and which are plated
to minimize rusting. They are pointed on one end and have a loop at
the other; this allows them to be easily pushed into the soil.
Surveyor's pins cannot be used because of the paint which insulates
them.
The final major item which you will need is wire, perhaps a
length of about 5 - 10 m. This wire will connect the battery and DMM
to the electrodes. This wire should have a plastic insulation, which
must not be cracked or damaged so that bare metal is visible.
Stranded copper wire would be fine; solid copper wire breaks more
readily than stranded wire. The diameter of the copper in the wire
can be in the range of 18 to 22 gauge (a diameter of 0.6 - 1.0 mm).
You can probably use as many as eight connectors for making
contact from the ends of the wires to the battery and the electrodes.
Alligator clips are excellent, and the name is a good description of
the jaws; these clips can have screw terminals. You will need a knife
and a screwdriver to prepare these wires with the clips at the ends.
If the spacing between your electrodes will be 1 m, then it will
probably be easiest to make four wires, each about 2.5 m long and
each with alligator clips at each end of the wires. There would be an
advantage to having two red wires and two black wires; this would

9

Resistivity Surveys
help you from confusing the different wires on the ground. It might
also help if the clips had insulating plastic boots over them.
Fig. B1 illustrates the procedures for operating this simple
meter.
In Step 1, a tape measure is stretched along the line of
measurement and the electrodes are stuck into the soil; the spacing
between each adjacent electrode is the same. This distance is called
s and it is 1 m for this example. When the electrodes are equallyspaced along a line, the arrangement is called the Wenner
configuration.
There are many other arrangements of the four
electrodes which could be used, and these configurations have
different names.
The Wenner configuration is excellent for most
applications.
If a resistivity profile or map is desired, the spacing between
the electrodes remains constant for all of the measurements.
If
features are thought to be underground at a particular depth, the
spacing between the electrodes can be about the same as that depth.
With this spacing of 1 m, features between a depth of about 0.5 and
1.0 meter will be accentuated; however, deeper and shallower features
will also be detected.
The depth of the electrodes is not very important. An insertion
depth of between 2 cm and 10 cm will probably be suitable.
It is
best that their depth not be more than about five percent of the
spacing between the electrodes, otherwise the depth may slightly
affect the measurement.
It is also best that the electrodes should
go deep enough to reach moist soil.
If the soil is very dry, the
measurement accuracy may be improved by pouring water around each
electrode. If you find it necessary to change the location or depth
of electrodes during a measurement, you may have to start the
measurement over again.
For Step 2, connect the digital multimeter to the middle pair of
electrodes. If the leads from the DMM are too short or do not have
clips on them, you could use extra wire and alligator clips to span
the distance.
Remember that no bare conductor or clip should touch
the soil or vegetation on it; if this happened, there would be a
different path for current flow and an incorrect reading.
You can
prevent this by placing bare connectors on small plastic sheets.
Set the DMM to read a DC voltage of about 200 mV (if the scale
is adjustable) and turn on the meter to measure the voltage between
the inner pair of electrodes. Since the battery is not yet connected
to the earth, you might expect that the voltage would be zero. While
the voltage you measure will be small, it will not be zero. This is
because the chemical reaction of corrosion is generating a voltage at
the electrodes; because of small differences in soil moisture and
chemistry at the two electrodes, there is a net voltage measured at
the DMM. This example shows a measured voltage of 19 mV. Commercial
soil resistivity meters use alternating current rather than direct
current for their measurements; there is no residual voltage like
this 19 mV with those meters.
At first, you should watch the voltage at the inner electrodes
for a minute or two to see if it remains rather constant.
If it
changes by a significant amount (perhaps 20 percent), you may not be
able to use this simple meter at the site.
Before giving up, you
should test different electrodes to see if they show less change; you
might even consider stainless steel or lead electrodes.
You might
also try measuring the voltage at a constant delay time after you set
each group of electrodes.
The voltage connections of the digital multimeter are labeled as
plus and minus (and the standard leads from the meter are colored red
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and black). For this example, the red (positive) lead from the meter
is connected to the electrode on the right. The voltage shown in the
example of Fig. B1 is negative (V0 = -19 mV). If the leads from the
meter would be switched, the voltage would be positive.
Next is Step 3: Leave the voltmeter on and connect the battery
to the outer pair of electrodes.
Since the positive terminal from
the DMM is connected to the right hand side of the four electrodes,
it is best if the positive wire from the battery also is connected to
the right hand side of the electrode array.
Fig. B1 shows these
polarities.
A different voltage will now be measured.
This will probably
have a magnitude which is much larger than the voltage measured in
step 1.
For the example of Fig. B1, the measurement is a positive
voltage of V1 = 93 mV. Note that this is much smaller than the 9 V
of the battery; most of the battery's voltage is "lost" very close to
the two outer electrodes.
If the measured voltage was -10 mV rather than +93 mV, it would
mean that the battery did not change the voltage very much at the
middle pair of electrodes. It would also mean than it would not be
possible to get a very accurate measurement of resistivity. It might
help to try watering each electrode or driving them deeper into the
soil; you might also use a higher battery voltage.
The final measurement is Step 4. The current going through the
earth from the battery is measured. The DMM is switched to measure
current; on some meters, it is also necessary to change the location
of one of the wires going into the meter.
The connections to the
inner pair of electrodes are removed and the DMM is put in the path
of the battery.
Fig. B1 shows the polarity requirements:
the
positive terminal from the DMM can be connected to the positive wire
from the battery.
The meter would not be damaged by having its connections
reversed; the only change would be that the current would have a
negative value. The example in Fig. B1 has a current of I = 2.2 mA
coming from the battery.
If this current was less than 0.5 mA, it could have indicated
trouble with the measurement.
A low current is an indication that
the resistivity measurement is going to be less accurate.
The
procedures mentioned in step 3 could be used to try to increase this
current.
Since the battery voltage was 9 V, Ohm's law allows a
calculation of the electrical resistance between the outer pair of
electrodes. This resistance is the ratio of 9 V divided by 2.2 mA,
or a value of 4100 ohms.
This is a low resistance and means that
there is no difficulty with the measurement. A resistance of 50,000
ohms would indicate that the soil was quite dry and sandy; the
resistivity measurement would then be less accurate.
With Step 5, the earth resistance can be calculated by the
simple equation of Fig. B1.
Be careful with the signs of numbers.
The current, I, should always be a positive value. Voltage V1 will
usually be positive also; however, V0 may be either positive or
negative. The difference of the voltages must also be positive.
The calculation of this example gives a resistance of 51 ohms.
If you are doing a resistance profile or map, you can plot this value
of resistance; by convention, it is plotted at a point which is at
the midpoint of the four electrodes.
You may ask why four electrodes are used for this measurement of
resistance, for you may have noticed that the DMM has the capability
for measuring resistance directly.
Also, in step 4, the resistance
between the outer pair of electrodes was calculated; this value was
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4100 ohms, quite different from the 51 ohms which we calculated here.
The answer is this: We must use four electrodes rather than two
because this allows the measurement to be little affected by how
deeply the electrodes are inserted into the soil. If you switch the
DMM to measure resistance and then connect the two leads from the DMM
to a pair of electrodes in the soil, you will find that the
resistance will change by a large amount if the depth of the
electrodes is changed only a little; therefore, this measurement is
telling us almost nothing about the soil itself.
With four
electrodes, this effect of electrode depth is almost eliminated.
The resistance value of this calculation would be very different
if we used a different electrode spacing or if we otherwise changed
the arrangement of the four electrodes. It can be convenient if we
convert the resistance values to the more universal values of
resistivity. This is Step 6.
The conversion of resistance to resistivity is done with the
simple equation shown at the bottom of Fig. B1. The resistance value
is multiplied by the electrode spacing and then by a constant value
of 6.28; for this test, the calculation yields a resistivity value of
320 ohm-meters.
Unlike a value of resistance, a resistivity value can be looked
up in a handbook and it can be readily compared to other sites and
surveys.
This value of 320 ohm-m indicates that the soil at this
location must be quite sandy or rocky. It says that there definitely
must not be a large fraction of silt or clay in the soil.
Stores which sell equipment for gardeners have a soil moisture
meter which will indicate if the soil needs watering.
These meters
have a single metal rod with an insulated electrode at its tip. The
meter measures the electrical resistance between the two metal parts
of the rod; some meters will have the rod made of two dissimilar
metals so that it acts like a battery also (Logan 1945 p. 198). In
principle, these gardening meters can be used to measure the
resistivity of the soil.
Their principal disadvantage is that they
are very sensitive to changes just at the junction between the two
parts of the electrode; if the insulating gap was larger, these
meters would measure a larger volume of the soil. The rods have to
be inserted to the depth at which measurements are wished.
Mapping
If you have many measurements to make, your survey will go much
faster if you have a good resistivity meter.
A good resistivity
meter sends an alternating current into the soil, and this eliminates
the constant voltages which would otherwise be measured at the
electrodes. While the home-built meter described above may require
more than a minute to make each measurement, a standard resistivity
meter may only require about 10 s to make each measurement.
Resistivity surveys are commonly done by making measurements
along a straight line.
If the four earth-contacting electrodes are
equally spaced, the survey is said to be done with the Wenner
configuration of electrodes. A sketch of this is shown at the bottom
of Fig. A89.
When the Wenner configuration has the four electrodes close
together, the measurement emphasizes soil contrasts which are close
to the surface. If the spacing between the electrodes is larger, the
measurement is affected by strata which are deeper in the soil. If
you are searching for a moderately compact object (ideally, a sphere)
in the soil, the distance between the adjacent resistivity electrodes
should be roughly the estimated depth to the middle of that object
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(Van Nostrand and Cook 1966 p. 263). If you wish to locate the edge
of a buried soil stratum, the electrode spacing should be about twice
the estimated depth of the layer (Barker 1989). Since a resistivity
measurement will readily detect features both shallower and deeper
than its optimum depth, there is no need to try to be very precise in
selecting a spacing for the electrodes.
It is generally more
important to select a spacing which makes it easy to do the field
measurements.
After a measurement is completed, there are two ways of moving
the electrodes down the line of the survey. If you have a number of
people to help, four people can each move one of the electrodes. With
this approach, you can move each electrode any distance you wish, but
it is generally adequate to move them a distance which is equal to
the spacing between the electrodes.
Instead of having four people
move the electrodes, you could construct a rigid bar to hold the four
electrodes at the proper spacing (Ehrenhard, Athens, and Johnson
1984); then, one person can move all four electrodes at a time.
As another approach, you could leapfrog the electrodes, one at a
time.
Just have someone move an end electrode and its wire to the
opposite end of the array. The person carrying the resistivity meter
will move the wires and connections on the meter at the same time.
There are ingenious switching systems which will eliminate the need
for the meter operator having to move the connectors (John Weymouth
1982 personal communication).
Each measurement is plotted in your notebook at the midpoint
between the four electrodes. You should also record the direction of
the line of electrodes which you used; the measurements would be
somewhat different if the line of the four electrodes was rotated by
90 degrees.
Resistivity surveys are most easily done at a site which has
moist soil; if the soil is very dry, it may be difficult to drive the
electrodes into the soil and poor contact with the soil will cause
errors in the measurements. You can check for these errors by moving
each of the four electrodes by a small amount; an error is detected
if there is a large change in the resistivity then. If the soil is
dry, a better electrical contact to the electrodes is possible if a
small amount of water is poured around each electrode.
While this
will affect the reading, the error will be smaller than if the
electrodes were not watered. Resistivity measurements can be made on
hard or concrete pavements if absolutely necessary.
Moisten a thin
sponge with saltwater and put a metal plate on top of it; with four
of these, an adequate contact to the pavement may be possible.
Electrodes may be driven into the mortar of a wall, but the spacing
between the electrodes may not be uniform, and you may have to adjust
your measurements for this (Tagg 1964 p. 17). If a rock or tree root
prevents you from inserting an electrode at the correct point, shift
the electrode a short distance perpendicular to the line of the four
electrodes.
For normal soil, any type of metal rod can be a good electrode;
screwdrivers or meat skewers are suitable, but they are short.
You
may add extensions to these so that you do not have to bend over to
place an electrode. Since normal iron electrodes will rust, you may
use stainless steel to minimize any cleaning that you have to do.
For your first surveys, the Wenner configuration is the simplest
and easiest to begin with. Since I do geophysical surveys by myself,
the Wenner array is not practical for me. I apply a method called a
pole-pole configuration (Sumner 1976 p. 23); for this configuration,
two electrodes, rather than four, are moved during the survey.
The
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other two electrodes remain at a fixed location for the entire
survey. A sketch of this arrangement is given in the middle of Fig.
A89.
The two fixed, or reference, electrodes should be quite distant
from the area of survey, and also distant from each other.
For my
surveys, I typically take the current reference electrode to a
distance of about 200 m from the area where I will do the survey. I
then take the voltage reference electrode about 100 m along a line
toward the current electrode and then carry it about 100 m to the
left or right.
This pole-pole arrangement cannot be used at all
sites, for the long wires going to the reference electrodes may cause
difficulty if there are people walking in the area; you can use a
shorter distances to the reference electrodes if a slightly larger
error in the measurements is acceptable (this error is a broad
gradient in the measurements, and it is generally correctable).
During my surveys at Petersburg, the reference electrodes were
located in different areas for the surveys which I did on the two
sides of the park road which separates the Taylor House grid and the
Fort Morton grid. The electrode locations are plotted in Fig. C157.
It takes additional time to place the distant reference
electrodes for the pole-pole array.
However, the resistivity maps
generated with the pole-pole array can be simpler than those made
with the Wenner array.
This is because Wenner resistivity maps can
have auxiliary or spurious patterns adjacent to small features.
Instead of finding just high resistivity measurements over a high
resistivity feature, there might also be abnormally low values of
resistivity before and after the feature along the line of
measurement (Weymouth and Huggins 1985 p. 224).
This problem is
reduced with the pole-pole array.
The pole-pole array is not the same as what has been called the
twin-electrode, two-electrode, or two-probe array (Clark 1986;
Aspinall and Lynam 1970; Kelly, Dale, and Haigh 1984).
For those
other arrays, the two reference electrodes are placed close to each
other; this makes it easier to set the two reference electrodes.
However, the resistance values measured with the twin-electrode array
cannot be converted to resistivity. This means that the type of soil
cannot be determined, and it also means that a resurvey of a site
cannot be compared to an earlier survey.
While the pole-pole array
takes more time to set up, the benefits which it offers can be worth
the time.
For the Petersburg surveys, the spacing between the two moving
electrodes of the pole-pole array was fixed at 5 ft (1.5 m).
This
array detects features to the same depth as does the Wenner array
(Roy and Apparao 1971), so my survey accentuated features in the
depth range of 0.7 to 1.5 m. For these resistivity surveys, I placed
two calibrated ropes along parallel lines, spaced by 5 ft (1.5 m). I
made measurements with the electrodes along one line, and also with
the electrodes perpendicular between the two lines. The measurement
sequence is illustrated in Fig. C80.
The measurements were plotted
at the midpoint between the two electrodes.
The conversion from
resistance to resistivity is the same for the pole-pole array as it
is for the Wenner array; see Fig. C87.
The locations of my resistivity measurements in the Taylor House
grid are shown in Fig. B2.
The resistivity map of the area is
plotted as Fig. B3.
It took me 5.5 hours to make the 1414
measurements of this map; this does not count the time required to
place or retrieve the reference electrodes.
The negative numbers at the bottom border of the contour map
indicate that those coordinates are to the west. Numbers on some of
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the contour lines indicate the electrical resistivity along that
line; the resistivity of unlabeled lines can be determined from the
adjacent labeled lines.
Small tick marks or hachures along a line
indicate that the contour encircles low values.
If the soil below this area was uniform, the resistivity would
have been constant everywhere and there would be no contour lines in
this map. Irregularities in the soil cause small and large areas to
have different resistivity, and the contour lines reveal the patterns
of these changes; these patterns are called geophysical anomalies.
Note that most small-area anomalies have a high resistivity;
these anomalies may be due to a poor contact at an electrode. There
is very little correlation between the small-area anomalies found by
this survey and the anomalies detected by the radar, magnetic, and
conductivity surveys.
This
map
has
a
small-area
irregularity,
noisiness,
or
graininess; this makes it difficult to see some of its patterns. The
larger patterns can be clarified by smoothing the measurements of the
map. This has been done for Fig. B4.
The smoothing is a simple
operation. Each original measurement has been replaced by the average
of
the
sum
of
that
measurement
and
the
eight
surrounding
measurements.
This simplifies the map of Fig. B4 and shows the
general pattern of the resistivity.
However, this smoothing also
removes small-area anomalies, and it also increases the area of each
anomaly.
These changes must be
kept
in
mind
during
the
interpretation.
The resistivity is highest on the east side of the survey area;
the soil there must be sandier than the soil to the west. The high
values throughout the map indicate that the upper layers of soil must
be quite sandy. There is a U-shaped pattern near E20 N90. This is
centered on the eastern side of the Taylor House cellar (compare the
map to Fig. A3). The low resistivity may be caused by the brick wall
of the cellar, but the anomaly does not correlate with the location
where the cellar wall is closest to the surface. Perhaps the anomaly
could be partly caused by a trench which was dug to remove some of
the brick from the wall during the Civil War.
There is not much to be done for the interpretation of this
resistivity map.
The areas of high and low resistivity are simply
distinguished; this has been done in Fig. A21.
It can be valuable to check on the reliability of the
resistivity measurements, and a good way of doing this is just to
repeat the measurements on one line more than once. This is what I
did at the end of my measurements for the Taylor House.
Three
repeated lines are plotted in Fig. B5; these show an acceptably small
difference between them. This was not a complete test however, for I
did not move the guide rope between the repeated surveys.
A resistivity measurement will change if the array of electrodes
is rotated to a different direction.
Features within the soil can
cause these differences, and the soil itself may have a resistivity
which is dependent on the direction in which the electrical current
flows.
It is possible that plowing the soil will create this
directionality, for it shears the soil.
The archaeological
excavations in the Taylor House area found that the soil had been
disturbed by plowing to a depth of about 0.3 m (Brooke Blades 1992
personal communication).
Natural changes in the formation of the soil or during the deposition of the deeper sands could also influence the directionality of
resistivity measurements. I tested for this directional effect at the
Taylor House with a measurement of azimuthal resistivity (Taylor and
Fleming 1988).
The location of the test is shown in Fig. B2, and
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the results are plotted in Fig. B6.
The resistivity is clearly
higher when the line of the electrodes was in a north-south
direction. While I do not know if this might be indicating something
about the plowing of the soil here, the test might be a reference for
comparisons at other sites.
The area of the Fort Morton grid was too large for me to do a
complete resistivity survey there; however, I made resistivity maps
of the three small detailed areas shown by rectangles in Fig. B7.
The resistivity map of the Bombproof detail located one of the
bombproof trenches very clearly and it also shows parts of two other
trenches. The original measurements are plotted in Fig. B8 and the
smoothed version is given in Fig. B9.
By comparison with Fig. A36, it is seen that the trench #2 was
detected most distinctly by the resistivity survey.
All of the
trenches are detected as higher than normal resistivity; this
suggests that high resistivity sandy soil from near the surface may
have replaced the silty soil at the bottoms of the trenches when they
were filled in at the end of the war.
The resistivity map also suggests why the other trenches were
not as readily detected. There is an area of low resistivity in the
middle of the Bombproof detail.
This covers part of the bombproof
trenches; it also degraded the radar profiles in this area.
It is
possible that this low resistivity soil was from the mounds of soil
over the two powder magazines which were just to the west.
The
excavations for these two powder magazines were probably deeper than
any of the other fortifications here; at that greater depth, they
would have encountered a lower resistivity soil which would have been
brought to the surface and mounded over the top of the magazines.
When these mounds were leveled, the soil might have been shifted to
the east and this lower resistivity soil might now cover the
bombproof trenches and thereby mask them.
Fig. B10 is a surface or "fishnet" plot of the data of Fig. B9.
The low values in the foreground are near the northern magazine; the
southern magazine does not have this anomaly.
These types of plots
allow the relative amplitudes of the patterns on geophysical maps to
be easily seen.
The resistivity measurements over the Trench detail are plotted
in Fig. B11. The line of the main fortification trench is marked by
high resistivity along line E480.
Therefore, this is the same
polarity as the anomaly of the trench found in the Bombproof detail.
The smoothed map of Fig. B12 does not add much, for the original data
had a simple pattern already. The resistivity is rather high in the
northern part of the area; there must be a greater thickness of sandy
soil there.
Metal objects are only rarely detected by resistivity surveys;
this is generally good. A large metal object should be detectable as
a very low resistivity, and this is just what was found with the
resistivity survey over the Iron detail; see Fig. B13. This area had
the lowest resistivity of any place tested in the Fort Morton grid;
however, the west side of the Taylor House survey area had even lower
readings of resistivity.
The other geophysical surveys delineated a buried iron pipe in
the northwest corner of the Fort Morton grid.
Resistivity profiles
were made across this pipe; the line of the profiles is shown at the
top of Fig. B7 and two sets of measurements are plotted in Fig. B14.
Both measurements indicate a drop of about 30 ohm-m, independent of
the orientation of the two electrodes of the pole-pole array. While I
do not know if this low resistivity is caused by the pipe itself, the
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anomaly is clearly located at the pipe.
Sounding
Resistivity profiles and maps show how the soil changes in the
horizontal or lateral direction; these types of surveys reveal the
location and shape of buried features, but they do not indicate very
much about the depth of the features.
A simple variation of this
survey will allow the depth of broad features to be estimated. This
procedure is called a resistivity sounding.
A resistivity sounding furnishes estimates of the thickness and
resistivity of soil layers in an area. This information can be very
valuable for a prediction of the depth and type of soil which will be
encountered by an excavation.
The depth of bedrock might also be
determined by a resistivity sounding.
With
a
resistivity
profile,
the
separation
between
the
resistivity electrodes remains at a fixed value, and the electrodes
are shifted about the area to be surveyed.
With a resistivity
sounding, the center of the array of electrodes remains at a fixed
location, and the spacing between the electrodes is changed.
When
the electrodes are more widely separated, the measurement of
resistivity averages through a greater depth.
An analysis of the
measurements of a resistivity sounding will then estimate the depths
of soil layers.
The Wenner array is excellent for resistivity soundings.
A
basic electrical schematic of a resistivity meter is shown in Fig.
B15, and the separation between adjacent electrodes is the quantity
S. This figure shows the first resistivity sounding which I made at
the Taylor House.
For that sounding, the center point between the
four electrodes was at E66 on line N85; this is east of the Taylor
House cellar.
The 12 measurements which I made are indicated by
circles in the graph; I changed the spacing between the electrodes in
steps from 0.1 to 3 m. Note that both of the axes of this plot are
logarithmic; this is the typical way of plotting soundings and it is
the best way.
The graph of Fig. B15 reveals some interesting facts.
The
values of resistivity are higher than would be found at an average
site; the soil must have a large fraction of sand or gravel within
it. Had the soil underground been quite uniform and unchanging with
depth, the sounding would have plotted as a horizontal line. It is
not, and so the soil is stratified.
The resistivity is lower when
the electrode spacing is larger; therefore, the resistivity decreases
with increasing depth underground.
Finally, the sounding curve is
rather flat for small and large electrode spacings; the readings
gradually decrease from high to low and do not show more complicated
changes. This suggests that the soil stratification is rather simple;
there are only two distinct layers which were detected.
A simple analysis can furnish an estimate of the thickness of
the upper soil layer, and it can also give good estimates of the
actual resistivity of the soil in the two layers.
The analysis is
done by the procedure called curve matching (Keller and Frischknecht
1966 p. 135).
The measurements are plotted in the standard form
shown in Fig. B16, and then these measurements are compared to the
calculated curves which are in Fig. B17.
The curve of Fig. B16 is just slid over the surface of Fig. B17
(without rotation) until the measurements most closely match one of
the calculated curves in Fig. B17; this match can be seen by holding
the two sheets in front of a light. A reference point in Fig. B17 is
then transferred to Fig. B16; this point is where the horizontal line
marking a resistivity = 100 intersects the vertical line indicating
that the spacing = 1; these are both solid lines in Fig. B17. This
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reference point is marked with a square in Fig. B16.
The vertical
coordinate of this point is the interpreted resistivity of the upper
layer (1400 ohm-m); the horizontal coordinate is the thickness of the
upper layer (0.6 m).
Comparison of the measurements to the model
curves also shows that the measurements fall midway between the curve
labeled 0.2 and that labeled 0.1; therefore, the ratio of the
resistivity of the lower layer to that of the upper layer is 0.15 and
the resistivity of the lower layer is 0.15 x 1400 = 210 ohm-m.
You will see that two of the points on the measured curve are
rather different from the smooth curves in Fig. B17.
The low
resistivity measured with S = 0.8 m could be an error. The low value
with S = 0.1 m could also be an error, but it is also possible that
there is a thin layer with lower resistivity right at the surface of
the soil. This analysis has assumed that there are only two layers;
if there are actually three or more different layers, the resistivity
sounding curve might show smooth oscillations between three or more
high and low values of resistivity. While a qualitative analysis may
be enough for you, if you wish to analyze the depths of the different
layers, a more complicated curve matching is needed (Orellana and
Mooney 1972; van Dam and Meulenkamp 1975).
The analysis of this resistivity sounding assumed that the soil
had a very simple stratification, and that the resistivity of the
soil did not change in a lateral direction; this means that a
resistivity map of the area would show no features.
If this
assumption is not correct, the resistivity sounding curve may be
affected by these lateral changes.
Fig. B19 illustrates a
resistivity sounding which I did over the cellar of the Taylor House.
The measurements, indicated with circles, show the same type of
resistivity decrease which was found to the east; that resistivity
sounding is shown in Fig. B15. However, there is an additional dip in
the measurements when the electrodes were separated by a distance of
about 4 and 5 m. It is impossible for horizontally stratified soil
to cause this abrupt a change in the sounding curve; therefore, the
cause of the dip must be a lateral change in resistivity, rather than
a vertical change. The outline of the buried cellar is estimated in
the figure; notice that the outer electrodes cross from inside to
outside the cellar at a spacing of about 5 m. This lateral contrast
is the cause of the unusual values of the sounding.
Volume C describes methods for the measurement and analysis of
resistivity soundings which are more complicated and precise.
Magnetic Surveys
After resistivity surveys, magnetic surveys should be the next
procedure you should consider doing as you begin to learn about
geophysical exploration.
With a magnetic survey, there are more
detailed procedures to learn than are needed for a resistivity
survey.
After you have made a magnetic map, you will be able to estimate
the depth and mass of the buried iron-containing objects. This will
give you valuable information, but it will require additional time
for learning the method.
The basic procedures for doing magnetic
surveys, and interpreting the measurements, have been clearly
described by several writers (Breiner 1973; Weymouth and Huggins
1985; Weymouth 1986; Clark 1990; Logachev and Zajarov 1978).
A magnetic survey is typically done with two people, and this
may be fewer than the number needed for a resistivity survey.
A
magnetic survey is much faster than a resistivity survey, and it can
readily be done in wooded areas. The cost of a magnetometer will be
more than the cost of a resistivity meter.
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Instruments
There are many different types of magnetometers, but all of them
measure the same thing:
The strength or amplitude of the Earth's
magnetic field.
Iron-containing objects are good "conductors" of
this magnetic field, and the field will tend to concentrate in those
objects; because of this concentration in the object, the field
nearby will be reduced.
With a magnetic survey, one measures the
warping or distortion of the Earth's field caused by iron objects.
The unit of magnetic field is the nanotesla, abbreviated nT;
this unit name is called the gamma in older writings (1 gamma = 1
nT).
The average strength of the Earth's magnetic field is about
50,000 nT. The amplitude of the magnetic anomaly from typical
archaeological artifacts may be in the range of 1 - 100 nT, which
means that the changes in the measurements during a survey are very
small.
With a resistivity survey, the ratio of the highest to the
lowest measurement may be about 10; with a magnetic survey, this
ratio
may
be
much
smaller,
perhaps
about
1.01.
However,
magnetometers are very accurate, and most will measure to a precision
of 0.1 nT.
The names for the different types of magnetometers describe some
fundamental aspect of their physical principle of operation.
The
most common instruments are called proton (or proton precession),
cesium (or alkali vapor), Overhauser, or fluxgate magnetometers
(Dobrin and Savit 1988 p. 660).
All of these different types of
magnetometers are suitable for archaeological surveys, and the
differences in their capabilities are not always important.
Any of these different types of magnetometers can be configured
in two different modes; they can have a single sensor and measure the
total magnetic field of the Earth, or they can have two sensors and
measure the difference in the field at the two sensors. This latter
type of instrument is called a magnetic gradiometer. While fluxgate
magnetometers are almost always configurated only as magnetic
gradiometers, the other instruments can be changed from one mode to
the other. Fig. A87 has a sketch of a magnetometer in two different
modes of its operation.
There are advantages and disadvantages to the two modes of
operation. A magnetic gradiometer allows an automatic correction for
changes in the strength of the Earth's magnetic field during a
survey; a total field instrument requires a
more
difficult
correction.
A magnetic gradiometer is not affected by moderately
distant iron objects; these may be cars passing on a nearby road.
Also, a magnetic gradiometer can distinguish features which are
closer together than can a total field magnetometer. However, it is
necessary to make measurements at a closer spacing with a gradiometer
than with a total field instrument (Reid 1980).
A magnetic
gradiometer will be more difficult to carry, since it has two sensors
rather than one.
A gradiometer will indicate the wrong measurement
if it is tilted; a total field magnetometer does not have this
problem.
Since a magnetic gradiometer measures the difference
between two nearby sensors, the anomalies which it measures will be
smaller than those measured with a total field magnetometer.
Some modern magnetometers allow a great flexibility in their
operation; this will allow them to be applied to a wide variety of
sites and circumstances. In addition to being able to be operated as
both total field instruments and as gradiometers, the spacing between
the sensors can be changed in the gradiometer mode and the sensor
height can be set at any value. These options allow the resolution of
the measurements to be changed. These modern magnetometers will allow
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a difference mode between two widely-spaced sensors: One sensor may
be stationary and provide a correction for the temporal change in the
Earth's field. Alternatively, both sensors may be separately carried
in order to double the search rate for isolated features.
Almost all magnetometers now being manufactured have their
measurements stored within the internal memory of the instrument. No
manual recording is needed and the measurements can be automatically
transferred to a computer. Most magnetometers allow the operator to
make a trade-off between the speed at which measurements are made and
the accuracy of those measurements. You will need to consider all of
these factors when you decide on which instrument you will rent or
buy for your survey.
An earlier review of many instruments is
getting moderately old now (Bevan 1991), but it might give you some
information to help your decision.
Magnetometers measure the total field or the strength of the
Earth's magnetic field; they do not measure the direction of the
Earth's field. A magnetic compass measures only the direction of the
field, and not the strength (although the oscillation period of the
compass needle is related to the strength of the field). Electronic
magnetometers were first developed in the middle of this century;
before that, magnetometers were entirely mechanical and were not
dissimilar to magnetic compasses or dip needles (Swanson 1936; Wilson
1931; Howell 1959 p. 361; Haanel 1904).
This type of mechanical
magnetometer was used for an early archaeological survey (Gramly
1970); however, the speed and accuracy of these instruments is low.
If you are seeking a massive iron object, a compass may be all you
need to locate it. This is was done in 1956 for a successful search
for a boat which was sunk on the Mississippi River during the Civil
War (National Park Service 1971). The massive iron object near Fort
Morton at Petersburg is quite detectable with a magnetic compass. The
circles and squares in Fig. B20 show that the apparent direction of
magnetic north changed by about 2 degrees near the iron-filled well.
The deflection of the compass needle is indicated in Fig. B21,
although it is exaggerated by a factor of 20 there for clarity.
Before the survey
For your first surveys, you should try to select sites which
will have magnetic anomalies which have a rather large amplitude, for
these will be easier to survey; historic sites usually have much
larger anomalies than prehistoric sites.
Before you begin a magnetic survey, it is good to check if there
is very much modern iron trash in the area of the survey. This may
be on the surface of the ground and quite visible. If the magnetic
sensor for your survey will be at an elevation of about 1 m, iron
objects the size of a metal can lid or larger are best removed from
the survey area. If the magnetic sensor will be lower than 1 m, you
might also remove every iron object larger than a small nail. If you
do not have enough time to clear a site of this magnetic trash, you
will need to analyze the magnetic measurements and indicate where
trash is likely to remain.
There may also be additional iron at a
shallow depth in the soil.
You can search for this with either a
metal detector or with an audio-indicating fluxgate magnetometer; if
it is necessary to do a careful search for buried iron trash, this
site cleaning may take longer than the magnetic mapping of the area.
It might be valuable to do a quick and unrecorded exploration of
the site before you begin your mapping. This will tell you the range
of measurements to be expected. It might also indicate that only a
small part of the site should be mapped; the other areas may have no
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anomalies or they may have too much interference from unmovable iron
objects.
You should also check for iron on the person who will carry the
magnetic sensor. You have to be most careful with any iron which is
closest to the sensor.
You can distinguish iron objects from other
metals readily with a small magnet; just see if it sticks to the
metal. While the metal in keys and eyeglasses can be non-magnetic,
zippers and belt buckles can be quite magnetic; some shoes have a
steel bar in them and these can cause serious errors to a magnetic
survey. You can check all of the clothing of the sensor carrier with
the magnetometer which you will be using.
Just tie the magnetic
sensor to a tree at the same height that the sensor will be carried.
Make a few magnetic measurements with no one near the sensor. Then
have the sensor carrier stand closer to the sensor than normal, and
make a few measurements as that person rotates at 90 degree angles
around a circle.
Finally, make a few more measurements with the
carrier away from the sensor, in order to make sure that these
measurements are about the same as they were at first.
If the
maximum change with the carrier close to the sensor is only about 1 2 nT or less, then that person will probably have no noticeable
affect on the measurements of the magnetic map.
You should decide what the height of the magnetic sensor should
be. For almost all surveys, this will be in the range of 0.3 - 1.5
m. If you seek to locate small and shallow objects, you will need a
low sensor; for larger and deeper features, a higher sensor elevation
can be suitable. Perhaps a good guide would be to have the sensor at
an elevation which is roughly the depth of the features underground.
If there is modern iron trash in the soil, or if the stones in the
soil are magnetic, you will need a sensor height which is greater
than normal.
Otherwise, you will generally wish to have a sensor
height which is as low as possible (Smekalova, Myts, and Melnikov
1993). This will increase the amplitudes of the magnetic anomalies,
but it will also require that the measurements be more closely
spaced. If the features are quite broad, you may use a higher sensor
and more widely-spaced measurements.
It is generally best that the spacing between your measurements
be about the same as or smaller than the height of the sensor above
the ground or above the features.
Most archaeological surveys are
done with a measurement spacing which is between 0.5 and 2 m.
The
magnetic maps which I measured for the survey at the Taylor House
will show you the effect of changes in the measurement spacing.
Remember that measurements with a magnetic gradiometer will require a
smaller measurement spacing than measurements with a total field
magnetometer.
Simple procedures
Expensive and complex magnetometers are neither necessary nor
sufficient for high-quality magnetic surveys. You will be able to do
excellent work with a simple magnetometer and you will not need a
computer.
In this section, I will describe the simple procedures
which were used to make a magnetic map at the archaeological site of
Fort Laramie, Wyoming, during a National Park Service course.
The part of the survey illustrated here was a 5 x 7 m rectangle.
The survey was done with a single proton magnetometer. While the
magnetometer could have stored its measurements in its internal
memory, they were written on paper instead; see Fig. B22. The height
of the magnetic sensor was fixed at an elevation of 0.7 m, although
anywhere in the range of 0.4 - 1 m would have been good. The spacing
between the measurements was set at 0.5 m, slightly less than the
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sensor height.
When a magnetic survey is done with a total field magnetometer
which has a single sensor, it is necessary to monitor the temporal
change in the Earth's magnetic field.
During each day, the field
rises and falls by a large enough amount that it may have a large
effect on the magnetic measurements for the map. Fig. B27 shows that
the Earth's field might change by about 30 - 60 nT during a day's
survey. If the changes are not too abrupt, it is easy to correct for
them.
Just measure the magnetic field at one point several times
during the survey; this check point is called the base station
location.
For the magnetic survey at Fort Laramie, these temporal checks
were made at a point near E0 N0 in Fig. B22.
A few preliminary
magnetic measurements near that point showed that there was no large
magnetic anomaly there; had there been one, the temporal checks might
have been in error if the exact point was not relocated for each
measurement. Before the start of each line of survey, the magnetic
field at the base station location was measured; these values were
written at the bottom of the page of measurements, just below the
broken line in Fig. B22.
The magnetic survey was done with three people.
One recorded
the measurements, one carried the magnetic readout, and one carried
the sensor. The equipment was similar to that at the bottom of Fig.
A87, except that there was only one sensor on the vertical staff
rather than two.
The sensor carrier stopped near each measurement
point and set the sensor so that it was directly over the point. The
person with the readout was at a distance of about 2 m so that the
somewhat magnetic readout console had little effect
on
the
measurements. Measurement traverses were also made in only one
direction to further reduce the effect of iron in the readout. The
readout operator called out the measurement to the person who
recorded the measurements as a matrix in a notebook.
The numbers recorded in Fig. B22 are abbreviations of the total
values. The actual field at this site was around 55,700 nT and only
changes from this value are recorded. For example, a value of 29 in
the map means a field of 55,729 nT and a value of 697 in the map
means a field of 55,697 nT.
This simplifies the recording of the
measurements. Additional information is recorded at the side of the
map in Fig. B22; this should be on each page of field data.
The
direction of north and a scale are essential, along with the date of
the survey. The sensor height and the traverse direction should also
be noted.
The base station measurements, written below the broken line in
Fig. B22, indicate that the change in the Earth's magnetic field was
larger than normal. This survey was done on two days, and the break
between days was between lines E2 and E2.5.
The Earth's magnetic
field was definitely stormy on the second day; this was the cause of
the abrupt change in the base station value for the last line. While
an adequate correction for this change was possible, if you notice
large changes during your survey, you might just wait for the next
day to do the survey, just as you might wait for a thunderstorm.
The correction of the shift in the magnetic field can be simple
to do. Just adjust each column of measurements so that the apparent
value of the Earth's field at the base stations remains at a constant
value; this is done by adding numbers to each column.
Find the
greatest reading at the base station; this is 53. Then determine what
number should be added to every other base station reading so that
the sum is 53; this will cause the Earth's field to be effectively
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constant at 55,753 nT. These additions are listed at the bottom of
the figure.
The results of these column additions are shown in Fig. B23.
Notice that the change in the values from column to column is much
smaller now.
The next step is one of making a contour map of the
measurements. While a computer can do this readily, it is valuable to
be able to draw contour maps by hand. It is convenient to start this
map by drawing a contour line at a simple number; for this map, a
value of 50 would be good.
At first, it may be easiest to do a
preliminary step before starting to draw. Examine each adjacent pair
of numbers, and check to see if one is greater than 50 and the other
is less than 50. If so, place a dot on the page at about where the
contour line will go between the numbers; for a good map, you may do
an approximate linear interpolation between the numbers. The figure
shows how I have placed these points for the 50 contour line.
This first contour line is drawn in Fig. B24. The contour line
simply connects the dots. At the right hand side of the map, notice
the contours indicated with broken lines.
The four numbers in the
square there form what is called a "saddle surface", and there are
dots on all four sides of the square. There are two alternative ways
of contouring this square; either one could be used, and the broken
line contour would be just as accurate as the solid line contour
which I drew.
Choose one or the other, whichever makes the map
simpler or easier to visualize.
After the first line is finished, select other contour line
values in multiples of perhaps 10 or 100 and draw these lines. Then,
continue to draw contours with lines spaced between these first lines
until the map is generally filled with contour lines.
As you draw
each contour line, you will see that high numbers will be on one side
of your advancing line, while low numbers will be on the other side.
It is best to draw smooth contour lines, for this clarifies the map.
The resulting contour map is shown in Fig. B25. This map makes
the pattern of the numbers easy to see; the pattern of the
measurements is very difficult to visualize in Fig. B23.
When you
draw a contour map, lines should not obscure the measurements by
being drawn through them, unless you are working with a copy of your
original measurements.
The numbers show those areas of the map which have high values
and which have low; however, it can be helpful to finish the map by
distinguishing these polarities. Just get a red and blue pencil and
shade in the anomalies; it is conventional to use a red color for
high values and a blue color for low values. You may also put short
perpendicular tick marks (hachures) on the contour lines which are
low values; most of the other maps in this report have this
convention. You can draw the contour lines of anomalies with high
values using solid lines, while the contours of low readings are
given broken or dashed lines. Another possibility is that of placing
random dots in the areas with either high or low values.
An adequate interpretation of a magnetic map is simple to do,
and it adds much information which the map itself does not reveal.
This procedure is summarized in Fig. B26. The first step is one of
locating the magnetic anomalies. These are just the areas on the map
where the measurements are abnormally high or low.
For a magnetic
map, the highs are generally the most important; there are three
distinctive areas with high measurements on this map. Find the peak
value at each high anomaly. Then, estimate the magnetic field nearby
but away from the anomaly; this value is called the background. This
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estimation is more difficult than finding the high value.
This is
because other nearby anomalies confuse the map, and the measurements
approach the background value gradually. The background value may be
a single value for the entire map, but generally it should be chosen
for each anomaly, for there may be wide-area changes in the magnetic
field.
For the next step, draw a contour line around the anomaly at a
value which is halfway between the peak and the background value.
Approximate the average diameter of this contour line, which perhaps
will be oval or irregular. The depth of the object below the sensor
is approximately equal to this diameter.
To get the depth
underground, just subtract the sensor height.
Next, the mass of
buried iron is estimated.
The equation at the bottom of Fig. B26
shows the calculation; the equation gives an estimate of the maximum
iron mass, in kg.
For the final step, the iron is located on the map.
There is
often a small amplitude magnetic low to the north of each magnetic
high. This low is also caused by the magnetic object. It is usually
possible to tell that a magnetic low is associated with a magnetic
high by noting the close spacing of the contour lines between them.
Even if the associated low is not in a northerly direction, the
object is probably along a line from the peak high a short distance
toward that low. Sometimes there is no clear low associated with a
magnetic high. The magnetic high at E4 N6 is an example; there are
lows to the northeast and southwest, but there is no concentration of
contour lines from the high to either low.
For this anomaly, the
source can be estimated to be at the anomaly peak.
It is more likely that these estimates of depth and mass are too
large than too small. This is because the analysis has assumed that
the objects are compact or spherical.
If the object is actually
spread out along a line or in a lens shape, the estimates of both
depth and mass will be too large. The mass estimate has also assumed
that the object is iron; in fact, it may be fired earth or a volcanic
stone. A magnetic survey cannot usually distinguish these different
magnetic features. If the feature is actually fired earth, such as a
kiln, fireplace, or furnace, the mass of fired earth could be roughly
100 times the weight of iron which was estimated from this analysis.
If the feature is a concentration of bricks in a wall or foundation,
the mass of brick could be about 1000 times the iron estimate.
Igneous rock can be similar to brick in its magnetic properties.
One must always be cautious about geophysical anomalies which
extend in the direction of the measurement traverses; these could be
caused by errors.
The left side of the figure shows an elongated
anomaly which is probably caused by a short, abrupt change in the
Earth's magnetic field during the measurement of that line. The base
station readings were not frequent enough to correct for this change.
Magnetic interpretation
This section will explain some of the basics of magnetic
interpretation in greater detail than was done in the prior section.
Even more detailed procedures are described in Volume C.
There is a tendency for beginners who do magnetic surveys to
filter, "enhance", and otherwise display or modify their measurements, but not to interpret them. With interpretation, one tries to
describe the buried feature itself (its material, shape, depth, size,
and orientation) rather than just describing the geophysical measurements. It is indeed more difficult to interpret a magnetic survey
than to only present the magnetic map of a survey. However, the basic
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procedures for interpretation are not very difficult, and you will
add much information about what is underground if you do a simple
interpretation of your measurements.
The magnetic anomalies of many objects detected by geophysical
surveys will be rather circular.
These circular patterns are just
caused by the fact that the objects are rather small, and the
magnetic survey did not reveal anything about their shape. The depth
of these objects can be estimated by a procedure called the halfwidth rule (Breiner 1973 p. 31; Telford, Geldart, and Sheriff 1990 p.
87; Hinze 1990), and this rule was applied to the analysis of the
simple survey above.
A justification for this approximation is given in Fig. B28. A
mass of 1 kg of iron is assumed to be buried underground at a depth
of 0.5 m, while the magnetic measurements are made at an elevation of
0.85 m above the ground.
This figure shows the calculated magnetic
map which would result if this iron object was at Petersburg.
The
circular contours reveal the high magnetic values. The magnetic low,
which is north of the high, is indicated with a hachured contour
line.
The peak of the anomaly is 21.3 nT, and the solid line contour
is half this value. The average diameter of this half-width contour
is 1.38 m; this is almost the same as the depth of the iron below the
sensor, which is 1.35 m. This is the half-width rule: The depth of
the object below the sensor can be estimated from the diameter of the
anomaly at half its peak amplitude.
The calculations of Fig. B28 have been made assuming that the
survey was done at Petersburg, and also that the measurements were
made with a total field magnetometer.
However, the half-width rule
is a good approximation for any location and with any type of
magnetometer. This is revealed by the nine calculated maps of Fig.
B29.
The three rows of maps show the calculations at the magnetic
poles (the dip of the Earth's field is 90 degrees), in areas where
the Earth's field dips by 45 degrees (in countries such as Guatemala,
Tanzania, and Jordan), and in areas where the Earth's magnetic field
is
horizontal
(countries
such
as
Brazil,
Nigeria,
and
the
Philippines).
The three columns have the calculated anomalies for
three different types of magnetometers.
The column on the right is
for a total field magnetometer, such as a proton magnetometer.
The
middle column assumes that the total field magnetometer has two
sensors, one above the other, and the gradient is calculated from the
difference in the field at the two sensors. The left column is for a
magnetic gradiometer which measures only the vertical component of
the magnetic field; fluxgate magnetometers are this type.
For these calculations, a steel mass of 1 kg is assumed to be 1
m below the elevation of the magnetic sensor; this is the lower
sensor of the gradiometers.
The broken line contours are at
intervals of either 10 nT or 10 nT/m.
The solid line contour is
drawn at a level which is half the peak anomaly.
For each of the
maps, the average diameter of this contour line is about 1 m.
The maps reveal two other interesting things.
First, the
pattern of the anomaly is very similar for the three magnetometers at
each value of magnetic dip, except for the different map calculated
with the vertical component gradiometer at the magnetic equator.
Second, the iron object is assumed to have only a permanent
magnetization; the magnetic anomaly at the equator is half of what it
is at the poles, and it is also a negative value at the equator, a
magnetic low.
If the magnetic object is not small, the magnetic anomaly may
indicate something of the shape of the object. Buried iron pipes are
usually very apparent because of the linear pattern of their
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anomalies. Fig. B30 illustrates two calculated patterns which can be
found over pipes.
Model #1 at the top of the page has a pattern
which is similar to that measured over a drainage pipe in the
southeast corner of the Fort Morton grid; see the lower right corner
of Fig. B43. This pipe is possibly made of a single iron sheet which
forms a pipe having a diameter which is probably about 0.5 m. Model
#2 at the bottom of Fig. B30 is more typical of pipes; this model
assumes that pipe segments have a strong permanent magnetization and
each segment was rotated at a random angle when the pipe was set in
the ground. This chain-like pattern is exactly what was measured over
pipes in the northwest corner of the Fort Morton grid; see Fig. B41.
As features become larger or longer, a magnetic map will begin
to reveal their shape. However, the shape will still be blurred and
it will only approximate the actual shape of the feature. A large,
square magnetic feature will result in a magnetic map like that
illustrated at the top of Fig. B31. The interpretation of a magnetic
map would be simplified if a uniform pattern of high magnetic
readings was found over a magnetic object; this does not happen.
Instead, this figure shows that there are low readings at one end of
the object and high values at the other end. The map also shows an
interesting fact. If there is a hole in a magnetic object, it is
detected predominantly as a magnetic low; the small square in the
middle of the figure locates this hole.
The map at the bottom of Fig. B31 shows another type of feature
which can be encountered by an archaeological survey. Normally, the
magnetic anomaly of objects measured in the northern hemisphere will
have its magnetic low on the north side of the high. However, if the
object is above the sensor, the magnetic high will be north of the
low.
Elevated magnetic objects are commonly found as electrical
transformers on utility poles and as roofs which have iron sheets or
ceramic tiles.
Several different magnetic surveys were done at the Taylor
House. These were done to illustrate the effect of different spacing
between the magnetic measurements.
Fig. B32 shows a low resolution
survey; Fig. B33 shows a medium resolution survey; and Fig. B34 shows
a high resolution survey.
The magnetic map of Fig. B32 was made with measurements spaced
by 5 ft (1.5 m). While this survey was fast, it detected most of the
features in the area of survey. Solid line contours are at intervals
of 10 nT; a few broken line contours interpolate to a level of 5 nT.
Note that the magnetic field is not indicated on the contours. This
is because the actual value at each contour line is not very
important; it is the relative amplitude and the lateral gradients of
the anomalies which are important. This magnetic map was interpreted
using the half-width rule, and the magnetic objects were assumed to
be located at the peak of the magnetic highs. This interpretation is
given in Fig. A15.
A broken line in that figure marks the linear
magnetic pattern which is caused by the southern brick wall of the
cellar. The width of the anomaly along a north-south line has been
assumed to be suitable for the half-width rule, even though this is
an elongated magnetic anomaly; there is a fairly good agreement
between the depth determined by this approximation and the depths
determined by more detailed procedures for the interpretation.
If the spacing between the measurements is halved, four times as
many measurements are needed for a survey. The magnetic map of Fig.
B33 has a measurement spacing of 2.5 ft (0.8 m), half that of the map
in Fig. B32. Note that the area of the anomalies is typically smaller
in this map; this is the result of the higher resolution. As seen in
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the interpretation of Fig. A14, more objects were located by this
survey. For this interpretation, the half-width rule was also used;
by comparison with the magnetic calculation of Fig. B28, the magnetic
object was assumed to be 0.3 m from the peak of each magnetic high
towards the low.
The magnetic anomaly of the brick foundation was
analyzed by a more complex procedure which is described in Volume C.
Magnetic measurements were spaced by 1 ft (0.3 m) for the
magnetic map of Fig. B34.
This close spacing is seldom economical,
for the survey takes a long time. This survey was done during 3 days
of field work, and there are 17,271 measurements in the map. By way
of comparison, there are only 714 measurements in the magnetic map of
Fig. B32, and that map required only about 1.5 hours of field time.
There are three different contour levels in this map. There are
a few broken line contours; these are at intervals of 5 nT.
The
solid line contours indicate 10 nT intervals, while the broad line
contours are at 100 nT; the switch between these two levels is
generally apparent by a gap in the contour line spacing. Because of
the small details in Fig. B34, the magnetic map is enlarged in three
sections as Fig. B35, Fig. B36, and Fig. B37.
A very detailed magnetic interpretation was made of the map of
Fig. B34, and the results are shown in Fig. A13. For this analysis,
mathematical models were made of each of the most important magnetic
anomalies. This procedure is described in Volume C.
The area of the Taylor House magnetic survey is far enough from
the park road that passing cars caused little difficulty for the
survey, however, it was necessary to stop the survey whenever trains
were moving on the track to the west. The magnetic anomaly of these
distant iron objects can be greatly reduced with a magnetic
gradiometer.
The improvement is shown in Fig. B38.
These curves
show how the magnetic anomaly from an object like a car decreases
with increasing distance.
At a distance of 10 m from a car, the
magnetic anomaly detected by a gradiometer will be about 10% of the
anomaly which would be detected by a total field magnetometer; at 30
m, the anomaly with the gradiometer is reduced to only about 1% of
that of a total field magnetometer.
The Taylor House grid was mapped with a magnetic gradiometer
also. The map of Fig. B39 was surveyed with a measurement spacing of
2.5 ft (0.8 m), the same as with the total field map of Fig. B33. The
two maps show similar detail.
The magnetic sensor for the
gradiometer measurements was somewhat higher above the ground, and
this reduced the amplitudes of its anomalies.
The magnetic map of Fort Morton shows hundreds of large and
small objects. The map, in Fig. B40, is drawn with three different
contour intervals: 2.5, 10, and 100 nT. While the same type of line
is drawn for each interval, it is generally possible to see where the
contour interval changes, for these shifts are near the edge of
"terraces" where the spacing between lines abruptly changes. Magnetic
maps often have a very wide range in the amplitude of their
anomalies, and it can be necessary to draw them with several contour
line intervals. The magnetic map is enlarged in the two sections of
Fig. B41 and Fig. B43.
The relative amplitudes of the high readings on the magnetic map
are indicated with the surface plot of Fig. B45. An iron pipe under
the former park road is on the right side, while the pipes near the
former farm house cause the group of highs on the left side.
The
small cluster of highs in the near corner of the map is located at a
Civil War battery.
The highest peak in the map is caused by the
iron-filled well.
This survey required five days of field work and a total of
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46,827 measurements were made at intervals of 2.5 ft (0.8 m).
As
with all of the other magnetic surveys here, a separate base station
magnetometer was used to monitor the temporal change in the Earth's
magnetic
field.
This
magnetometer
was
programmed
to
make
measurements at intervals of about 1 minute and to store them in its
memory. The spatial magnetic measurements of the map were corrected
for the temporal change by a subtraction of the base station
magnetometer reading at the time when the spatial reading of the map
was made.
In order to simplify the correction from one day to the
next, the sensor of the base station magnetometer was set at the same
place for each day's survey. If you change the location of your base
station, you can just remeasure the last line you surveyed the prior
day and this will allow you to determine the difference between the
two base stations.
The interpretation of the magnetic survey of the Fort Morton
grid was done using the approximation of the half-width rule.
The
estimated values of the mass and depth of iron are marked in Fig. B42
and Fig. B44. As with the interpretation map of Fig. A30, different
symbols indicate the approximate mass at each anomaly.
The upper
number of each pair shows the mass, while the lower number indicates
the depth.
The distribution of these depths is shown in Fig. B46.
Almost no objects were detected below a depth of 2 m.
As seen in
Fig. B47, small objects were generally shallow, while massive objects
were deep.
Fig. B40 shows one anomaly which covers an unusually large area;
this anomaly is centered at about E550 S150.
The interpretation of
this magnetic anomaly is that it is caused by iron objects which are
in a well. The pattern of the magnetic anomaly appears to be similar
to that of the calculated map shown in Fig. B28.
There is a large
high, and north of it, there is a wide area with low magnetic field;
the contour lines with tick marks show this low. However, the large
depth extent of the iron in this well causes its anomaly to be
different from that of a small object.
Because of its unusual
character, the anomaly is given a detailed analysis in Volume C.
A detailed magnetic map was made of the 100 ft (30 m) square at
the bombproof trenches of Fort Morton. This map is plotted in Fig.
B48.
While many magnetic objects were detected, there is no
indication of the trenches which were detected by the radar and
resistivity surveys. The interpretation of the magnetic map is shown
in Fig. A39.
Note that there is a tendency for some of the contour lines to
be extended in a north-south direction. These reveal an error in the
measurements and these effects are called striations; they appear
along north-south lines because that was the direction of my
measurement traverses.
The map shows that these striations have an
amplitude of about 0.5 nT. I made my measurement traverses in only
one direction in an attempt to minimize these striations; however,
iron which I was carrying contributed to the striations. The Earth's
magnetic field changed rather fast on the day of this survey, and it
is possible that the base station magnetic measurements were not
sufficiently frequent for the temporal correction; the interval of
these measurements was 30 s. While some of the measurements appeared
to be affected by lightning noise also, this noise is apparent as
errors in scattered measurements, and it is unlikely that the
striations were caused by the lightning.
I am disappointed that I did not notice that the hat which I wore
for some of my magnetic surveys at Petersburg was magnetic. There was
an iron wire around the brim of the hat. When I finally discovered
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and removed the wire, I found its mass to be 6 g.
My measurements
and calculations indicate that this wire would have caused a maximum
magnetic anomaly of 0.4 nT. I did not record when I wore this hat,
but probably I did wear it for those magnetic surveys which I did in
the summer, including this survey of the bombproof.
While the striations are too apparent on the magnetic map, they
do not appear to cause a serious problem for the interpretation of
the map.
The striations are completely removed by the smoothing
shown in Fig. B49.
However, this map cannot be used for the
interpretation of small-area anomalies, since the anomalies have been
blurred. Their peaks have reduced and their areas are increased; an
interpretation of this smoothed map would indicate depths which are
too large.
The magnetic anomalies of the Trench detail are found primarily
in only part of the survey area. In Fig. B50, the main fortification
trench is along line E480 and the magnetic survey detected nothing of
the trench itself. However, strong magnetic anomalies are found just
to the east of the trench, and it appears that some of the iron
objects may be within shelter pits dug by the soldiers during the
siege. The interpretation of this map is given as Fig. A47.
Several magnetic maps were made of the intense anomaly of the
Iron detail.
These are plotted in Fig. B51.
The map at the lower
right was measured with a magnetic gradiometer.
This gradient map
reveals a magnetic anomaly at E513 S137 which is lost in the large
magnitude of the three total field maps which are also on the page.
The spacing of the contour lines shows how the amplitude of the
anomaly decreases as the height of the sensor increases from 0.59 to
0.8 to 1.16 m.
Striations are evident on each of the maps; these are caused by
positional errors of about 10 - 20 cm during the survey.
While a
smoothing filter could improve the appearance of these maps, the maps
have not been modified.
Striations are always most evident where
magnetic measurements are made with a spacing which are closer than
they need to be; since this anomaly has a smooth circular pattern,
the locational errors are particularly evident.
Conductivity Surveys
Conductivity surveys are much faster than resistivity surveys,
although conductivity surveys are more complicated to do. Because of
their speed, I do many more conductivity surveys than resistivity
surveys. This section will be somewhat more detailed that the prior
sections.
This is because relatively little has been written about
doing conductivity surveys; I will describe the practical procedures
which I have found to be helpful in doing the field work and also in
interpreting
the
results
of
a
conductivity
survey.
These
conductivity instruments can also be used to measure the magnetic
susceptibility of the soil; since this is the most complex
application of the instruments, the discussion of this is left for
Volume C.
The unit of electrical conductivity is the siemens per meter,
abbreviated as S/m.
Conductivity is simply the reciprocal of
resistivity. For example a resistivity of 100 ohm-m is the same as a
conductivity of 0.01 S/m.
Because most conductivity values will be
much less than one, the most common unit for conductivity is the mS/m
(millisiemens per meter), and the resistivity of 100 ohm-m is the
same as 10 mS/m.
In the earlier section on resistivity in this
volume, there is a short table which lists the approximate
conductivity of different types of soil.
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Instruments
The general and correct name for a conductivity instrument is an
electromagnetic (EM) induction meter.
Common metal detectors are
special types of electromagnetic induction meters.
Conductivity
meters are most similar to the transmitter-receiver type of metal
detector; these metal detectors have coils of wire in two boxes which
are separated by a staff, this separation allows the detector to
search to a good depth underground.
Conductivity meters also have a pair of coils. The two circular
coils are obvious with the EM34 instrument sketched in Fig. A88. The
coils are hidden within the ends of the other two instruments in the
figure.
All of these instruments are manufactured by Geonics
Limited, and the model numbers are listed in the figure.
Other
manufacturers have different types of electromagnetic induction
meters for sale. These instruments from Geonics are the only ones
commonly applied to archaeology. This is partly because two of these
instruments have a depth range which is excellent for archaeological
features.
These instruments have also been designed to display the
actual conductivity of the ground, rather than a more technical
parameter. The interest of the company in archaeology is illustrated
by the fact that it has prepared a collection of reprints titled:
"Selected papers on the application of geophysical instruments for
archaeology".
The EM34 is designed for detecting features at depths ranging
from 10 to 50 m.
This is suitable for only a small fraction of
archaeological sites.
However, if large mounds are to be explored,
or the course of an ancient river is to be traced, this instrument
may be excellent.
The depth of exploration is determined by the
spacing between the two circular coils of the instrument; this can be
set at 10, 20 or 40 m. Because of this large separation, it is best
that two people operate the instrument, one carrying the small
transmitter coil and its electronic box, and the other carrying the
larger receiver coil and the display console.
The coils are
typically set on the ground, either flat as shown in Fig. A88, or
vertical.
The principle of the measurement is as follows: An alternating
current is sent through the transmitter coil; the frequency of this
current is in the audio range.
This current generates a magnetic
field about the coil and this magnetic field readily goes into the
earth.
When this magnetic field passes though conductors in the
soil, an electrical current is generated in them; these conductors
may be just strata of the weakly conductive soil; metals are not
necessary. These electrical currents in the soil generate a second
magnetic field, which is detected by the receiver coil of the EM
instrument. This indirect coupling from the transmitter coil, through
the soil, and to the receiver coil, allows the measurement of the
electrical conductivity of the earth.
While these instruments do
detect metal, they are not made for this application; they are
designed to detect the much weaker conductivity contrasts found in
different soils.
The other two conductivity meters, the EM31 and the EM38, also
have a pair of coils; their coils are hidden within the ends of the
instruments.
These two instruments detect shallow features most
strongly; the maximum effective depth at which the two conductivity
meters will detect features is dependent on the spacing between the
coils. With the EM31, this maximum depth is about 6 m; for the EM38,
the maximum depth is about 1.5 m. If features are within the depth
range of the EM38, it can be best to use this instrument, for it will
allow a higher resolution with its geophysical maps; the EM38 will
detect smaller features than those which can be detected with the
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EM31.
The EM38 is more sensitive to electromagnetic noise from power
lines and lightning than is the EM31.
For this reason, it is
sometimes necessary to select the EM31.
The EM31 is carried at an
elevation of about 1 m above the ground; a shoulder strap, not drawn
in Fig. A88, supports the weight of the instrument. Because of this
elevation, surveys are easy to do if the brush at a site is lower
than this.
The EM38 is usually carried quite close to the ground,
and brush is more of a problem with it. Because it is shorter, the
EM38 is easier to use in wooded areas; where trees are dense, the
EM31 is more difficult to carry through the woods, and it may be
almost impossible to rotate the 4 m long boom of the instrument in a
horizontal direction if trees are close together.
Interpretation procedures
These conductivity meters are excellent for locating many types
of soil contrasts. If there is a broad pit which has been dug into
sandy soil and then it has been refilled with organic matter, it
might be detectable as a high conductivity anomaly. A lens of stone
rubble from a building, now buried in silty soil, may be revealed as
a low conductivity area. Had the pit been dug in silty soil, and if
the building rubble was in gravelly soil, both features might be
invisible to a conductivity survey, for the archaeological features
would then be too similar to the surrounding soil.
Conductivity surveys will define the location and approximate
shape of some features, but quite different features can cause
similar conductivity anomalies. Fig. B52 shows the cross-sections of
three features which are detectable as high conductivity.
In the
figure, the dotted soil strata have low conductivity, while the
hachured areas are higher in conductivity. Each of these three types
of features can cause similar conductivity highs.
While these conductivity meters are not designed for locating
metal, they do it, and sometimes too well. If there are buried pipes
and wires in the area, the conductivity anomalies which they cause
can hide other features in their vicinity.
Fig. B53 illustrates how readily the EM31 will detect a buried
pipe; the middle profile line is mapped at the top of Fig. B7. All
three parallel lines reveal the same pattern.
This pipe was mapped
by the magnetic, radar, and conductivity surveys of Fort Morton. The
radar indicates that this pipe is about 0.6 m underground, or 1.6 m
below the EM31.
The distance between the anomaly maxima is 19 ft
(5.8 m); the interpretation manual from Geonics suggests that this
distance should be about the depth of the pipe below the EM31.
In
this case, this interpretation must be wrong, and the depth
determination from the radar is more reasonable.
For the profiles shown in Fig. B53, the long bar of the EM31 was
oriented perpendicular to the pipe.
If the bar is aligned parallel
to the pipe, the conductivity profiles are different; see Fig. B54.
The anomaly is entirely positive in this case, and its high is about
double that of Fig. B53. There is a sharp drop right over the pipe,
but this does not go to a negative value of conductivity. Fig. B54
and Fig. B53 show that both conductivity anomalies are the same for
distances from the pipe greater than 10 ft (3 m).
The pipe is
detectable for a lateral distance of more than 30 ft (9 m). If there
are several pipes at a site, the conductivity map of the area may
show little more than just the pipes.
The EM38 is affected by pipes over a narrower span.
This is
illustrated with a comparison of Fig. B55 to Fig. B53. The detection

31

Conductivity Surveys
distance of this pipe with the EM38 is about half that with the EM31.
Fig. B55 and Fig. B53 also show that the amplitudes of the anomaly
highs are about the same for the two instruments; however, the EM38
detects a weaker negative anomaly over the pipe.
The response of the conductivity meters to metal objects is easy
to test. The EM38 and EM31 can be hung by ropes from a tree branch,
and metal objects can be slid under the instruments.
Since the
objects are not buried in soil, this procedure eliminates the effects
of lateral changes in the soil.
Fig. B56 illustrates the anomalies which I measured over three
metal objects; each was square and 0.55 m on a side. The metal mesh
gives the strongest anomaly.
The EM31 was hung from a tree at an
elevation of 1.5 m. These objects were slid on the ground below the
EM31 and along the length of the instrument.
The vertical dashed
line marks where the objects were directly under one of the coils of
the instrument; this is called a magnetic dipole of the instrument.
With two of the objects, the maximum anomaly was detected at that
point.
With these same three metal objects, the EM38 detects the very
different patterns shown in Fig. B57.
The anomalies have only high
conductivity and the peaks of the highs are at the middle of the
instrument, rather than at the dipoles or coils. The metal mesh or
screen still gives the strongest anomaly, and the metal loop still
gives the smallest anomaly.
A closed loop of wire causes almost the same anomaly as a metal
plate of the same size. If, however, the wire is made into a loop,
but the two ends are not connected together, then the wire has little
effect on the conductivity meters.
Both the EM31 and EM38 will detect large metal objects.
While
the EM38 will detect small metal objects, the EM31 will not.
Fig.
B58 illustrates the conductivity lows which were measured over metal
objects which were 14 cm on a side.
Note that these profiles are
rather similar to what the EM31 measured over metal objects 1.5 m on
a side; there are conductivity lows close to where one of the coils
of the EM38 is centered over the objects. I do not know why the foil
gave a larger anomaly than the thick plate.
It is likely that many of the metal objects which are in the
area of my survey at Petersburg are projectiles from the battle
during the Civil War; while many projectiles were salvaged during and
after the battle, there must still be many in the soil. I borrowed
four shells or shell fragments from the park's collection and tested
them; the projectiles are sketched in Fig. C41.
The conductivity
anomalies of these iron artifacts are plotted in Fig. B59. While the
whole mortar shell gave a strong negative reading, the other shell
fragments just gave weak lows. Lead bullets must be very common in
the soil; the EM38 will only detect them if they are very close to
one of the coils of the instrument. For my conductivity mapping at
Petersburg, I deliberately raised the EM38 above the ground so that
these hundreds or thousands of small objects would not be detected.
For the illustrations above, I moved a metal object on the
ground along a line below the stationary conductivity instrument.
This same procedure will furnish a map, and an example is illustrated
in Fig. B60. The square at the middle of the map shows the size of
the metal foil; the long rectangle shows the size of the EM38. The
sides of the map indicate dimensions, in meters.
I subtracted the
approximate conductivity of the soil from the measurements in this
map.
There is a conductivity high in the middle of this anomaly; it
has a peak value of about 3 mS/m. A contour line at half of this peak
value, or 1.5 mS/m, has a diameter of about 0.5 m. This is the height
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of the EM38 above the metal object.
My tests have indicated that
this half-width rule may be suitable for estimating the depths of
metal objects; the rule is only valid if the object is detected as a
conductivity high.
I measured a pattern of low-high-low readings like that in Fig.
B60 during my survey at the Taylor House.
The points marked with
triangles in Fig. B61 show my conductivity measurements when the EM38
was moved along the surface of the soil; in this case, the lows were
very strong, but the conductivity high was weak. Each of the lows is
found where one of the two dipoles of the EM38 passes over the metal
object; the spacing between the two lows is just the 1 m spacing
between the coils.
When the instrument is raised in the air, the anomaly changes to
a positive value.
The amplitude of this anomaly decreases as the
EM38 is lifted higher in the air. The width of the anomalies at half
their peak value appears to be equal to the depth of the metal below
the EM38.
Both of these positive anomalies indicate that the depth
of the object could be about 0.45 m. This object was also detected
by the magnetic and radar surveys; an analysis of the data from both
of those surveys confirms that the depth of the object is 0.45 m.
With this confirmation of the suitability of this half-width
rule for the EM instruments, I applied it to the interpretation of
the conductivity highs which were detected by the surveys at the
Petersburg battlefield.
For large features, the conductivity instruments indicate the
true conductivity contrast of the feature.
If there is a lens of
conductive or clayey soil which is 5 m wide within sandy soil (which
has a low conductivity), the EM31 and EM38 will indicate this feature
with measurements which actually show high conductivity over the
conductive feature.
Unfortunately, if the feature is rather small,
the conductivity contrast indicated by the EM31 or EM38 can have the
opposite polarity of the actual feature.
If the conductive feature
above was a clay-filled pit in sandy soil, and the diameter of the
pit was only about 1 m, then the EM31 would indicate this feature as
a low conductivity anomaly, and not its true high conductivity. For
the EM38, it is possible that this switch in anomaly polarity may
occur for features smaller than about 0.5 m in size.
Mapping
If you are doing a conductivity survey with the EM38, you will
have to check for metal in your clothing which may affect the
measurements. If the EM38 is carried close to the ground, you should
be particularly careful with your shoes.
Just set the EM38 on the
ground and watch the measurement as you move your foot close to one
of the end coils of the instrument.
If you see any change in the
reading, you will have to keep your shoes well away from the
conductivity meter. If the EM38 is carried low on the ground, metal
at waist height or higher will have rather little effect, but you
should remove metal objects larger than about 15 cm in size. If you
are carrying the EM38 above the ground, you will have to be even more
careful with metal which you are carrying. Most of the normal metal
objects which you could carry have no effect on the EM31.
The measurements of these conductivity meters are displayed on a
meter dial; the meter's needle points to the value along a linear
scale. These readings can be read from the dial and written down in a
notebook. For sites with rather silty or clayey soil, the readings of
conductivity, and the conductivity anomalies, are typically rather
high and this method works well. If the soil is rather sandy,
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the conductivity readings can be very small; it is difficult to read
the meter accurately, and low amplitude anomalies may be undetected.
For these sites, the analog reading of the meter dial is best
converted to a digital value to allow a greater precision in the
measurements.
Some of the current versions of these conductivity
meters have these digital meters on them. If yours does not, you can
always connect a digital voltmeter in place of the analog meter in
the instrument.
For my surveys at Petersburg, I operated the EM31 and EM38
conductivity meters with a digital data logger.
This extra
electronic instrument converts the analog or voltage signal from the
conductivity meter to a digital value and records it in the memory of
the logger.
These readings can later be sent to a computer.
The
data logging allows more precision in the measurements, and it also
allows a much greater speed of measurement.
However, it also adds
another complexity to the survey, and something more to go wrong.
Still, it is usually the best way to operate the conductivity meters.
An example of the speed of a conductivity survey using a data
logger is illustrated in Fig. B62.
The 735 measurements of this
Taylor House map were made in only 1.5 hours.
It was adequate for
locating the high conductivity area on the west side of the Taylor
House cellar, at W10 N100.
I resurveyed the area a few months later; this time I took
slightly longer (1.8 hours this time) and was more careful with my
measurements. The EM31 has a short delay time before its measurement
settles down to the correct value; for this resurvey, I waited at
each point about 2 s before recording the measurements so that their
accuracy would be better.
However, there is little difference
between the maps of Fig. B62 and Fig. B63, even with the two month
delay in measuring the second map.
There is not much which can be done for the interpretation of
these conductivity maps.
As shown in Fig. A17, I just marked the
areas of high and low conductivity. The small-area low conductivity
anomalies could be caused by shallow metal objects, and I marked
these differently.
The long conductivity anomaly at the south side
of the grid is almost surely caused by a pipe going east-west just
outside the area of the grid; this pipe was detected by the magnetic
and radar surveys also.
The measurements of the conductivity meters will be different if
the instruments are rotated about a vertical axis.
This difference
is sometimes valuable for indicating buried metal and other abrupt
changes in conductivity.
However, this procedure will increase the
time needed for the survey, although it may not double.
The
measurements of a conductivity meter should not change if the front
and back of the instrument are interchanged; this is because of the
principle of reciprocity (the measurement should be the same if the
location of the transmitter coil is switched with the receiving
coil).
I resurveyed the Taylor House grid, making measurements with a
spacing of 2 ft (0.6 m), rather than 5 ft (1.5 m). The map in Fig.
B64 shows the conductivity patterns when the long bar of the EM31 was
oriented east-west.
It would have been possible to make a pair of
measurements at each point, swinging the bar of the EM31 by 90
degrees between them.
If the measurements are close together, as
these are, it is easier to do a separate survey with the bar of the
EM31 going north-south. This map is plotted in Fig. B65.
The two conductivity maps are rather similar.
The accuracy of
the conductivity data can be improved by averaging the two maps. This
has been done in Fig. B66. This map is just the average of Fig. B64
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and Fig. B65. The contours lines are less irregular; except for the
averaging, no smoothing has been done to the data.
Because of the
better quality of this averaged data, it has been possible to draw
good contour lines at a closer interval.
A surface map of this
conductivity data is plotted in Fig. B68; this shows the high
conductivity near the Taylor House cellar as a rise in the
foreground.
The interpretation of this averaged conductivity map is plotted
in Fig. A16.
The difference between this interpretation, and the
interpretation of the survey which had a measurement spacing of 5 ft
(1.5 m, shown in Fig. A17) is small; however, this higher resolution
survey would be more trustworthy in its location of both small and
large features.
Fig. B67 is a plot of the difference between the maps made with
the two orientations of the EM31 (Fig. B64 - Fig. B65).
These
differences will be largest where there are metal objects in the
ground, and the several large anomalies are indeed likely to be
caused by metal. There is an interesting high in the middle of the
cellar, at W10 N85; this is not apparent on either conductivity map
by itself.
This difference map accentuates errors in my measurements of the
two original surveys; for this reason, the map of Fig. B67 has been
smoothed. With earlier maps in this volume, I have shown that a good
transformation for smoothing replaces each measurement with the
average of the nine measurements centered on that point. There is a
small variation on this which is more suitable when the measurements
show a striated pattern.
The same nine measurements are averaged,
but the weighting of the three rows is different.
Along the
direction of the striations, the six measurements of the outer two
rows are added together.
The three measurements in the central row
are added together and the sum is multiplied by two.
The two sums
are then added. Since the sum of these weights is now 12 (1x3 + 2x3
+ 1x3) rather than 9, the overall sum is divided by 12; this average
replaces the measurement at the central point.
This transformation
can be called striation smoothing, and this has been applied to the
original data of Fig. B67.
Just as with the EM31 surveys, I also did a fast EM38 survey of
the Taylor House grid. The measurement spacing was 5 ft (1.5 m) and
the data plotted in Fig. B69 required 2.5 hours to survey. The EM38
emphasizes features which are at a shallower depth than those which
predominate on the EM31 maps. The Taylor House cellar is now visible
as an elongated high conductivity anomaly.
Notice also that smallarea peaks, probably caused by metal, are now detected as highs,
rather than as lows with the EM31.
This has allowed the depth of
some of the objects to be estimated, and the interpretation is given
in Fig. A19.
I resurveyed the Taylor House grid with the EM38, making
measurements spaced by 2 ft (0.6 m). Just as with the EM31 survey, I
separately mapped the conductivity with the bar of the EM38 oriented
east-west and also north-south.
These two maps are plotted as Fig.
B70 and Fig. B71.
The average is given in Fig. B72.
The
irregularity of the contour lines is primarily caused by small
features which were detected, but measurement noise also contributes
to it.
The smoothed map of Fig. B73 clarifies the large-area
anomalies. However, the interpretation of this survey was done with
the unsmoothed map of Fig. B72.
This interpretation is plotted in
Fig. A18.
Notice than many more objects were located by this high
resolution survey than were detected by the lower resolution survey,
interpreted in Fig. A19.
Both surveys mapped an oblique line of anomalous conductivity
which starts at W70 N0; this is a refilled trench that was dug during
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the Civil War. There appears to be a concentration of metal objects
deep within it.
The EM38 conductivity survey shows this trench to
have high conductivity, while the EM31 indicates a low conductivity.
The EM38 is probably correct.
Because the width of the trench is
about the same size as or smaller than the intercoil spacing of the
EM31, its anomalies can be reversed.
Note that these conductivity
surveys suggest that this trench has a low resistivity; this differs
from the high resistivity of the trenches detected by the resistivity
surveys of the Fort Morton area.
In the Fort Morton area, the
resistivity
surveys
detected
the
refilled
trenches,
but
the
conductivity surveys did not; in the Taylor House area, the
conductivity survey detected a trench, but the resistivity survey
(Fig. B3) did not.
The surface map of EM38 conductivity, in Fig. B74, shows the
high values at the cellar in the foreground; the conductivity of the
pipe in the background is so high that the values have been truncated
in the figure.
Note that this EM38 conductivity survey shows many
metal objects as conductivity highs, while the EM31 survey showed
them to be apparent lows. This difference is caused by the fact that
the metal is "close" to the EM31 but "far" from the EM38.
These
conductivity instruments have a nonlinearity for very conductive
features. As the conductivity detected by the instruments goes to an
extremely high value, the reading on the meter can actually decrease;
when the instruments are very close to metal (relative to the coil
spacing of the instruments), the reading will be negative.
Before I began the survey at Petersburg, I thought that the EM31
conductivity meter would readily detect the refilled trenches in the
Fort Morton grid. I made a few long conductivity profiles across the
grid; these lines were spaced by 50 ft (15 m). They did not reveal a
nice fort-like pattern, so I filled in the conductivity measurements
with lines at a 25 ft (7.6 m) spacing, and I thought that this would
help. The resulting map is plotted in Fig. B75. While a buried wire
and a pipe are very apparent in the map, there is still no trace of
the fort.
Since the quick survey did not work, I did a slow and detailed
survey of the entire grid, making measurements at intervals of 5 ft
(1.5 m). The 11,811 measurements mapped in Fig. B76 took me six days
of field time, but they still do not reveal the fort.
Buried pipes and a wire are very apparent. The linear patterns
at the top of the page are caused by remnants of pipes from a
farmhouse which was there early in this century. The long line going
to the south end of the map is a buried electrical wire which
provides power to a tape recorder that has an announcement which
describes the history of the area for visitors. A metal pipe is also
near the southeast corner; this is an iron culvert under the former
park road. The current park road is at the northwest corner, and that
area was not surveyed.
While the contour interval in the map of Fig. B76 is 0.25 mS/m,
the lines are not labeled, for they are too irregular and complex.
The complexity of these contour lines is caused by electrical noise
and by irregularity of the soil.
While it is not apparent in the
map, the highest soil conductivity is found in the northwest corner,
near the former farm house.
The great irregularity of the contour lines in the original data,
mapped in Fig. B76, makes the patterns very difficult to see. The
smoothed data plotted in Fig. B77 reduces most of that irregularity.
However, it also broadens and blurs the anomalies. This is most
apparent for anomalies which are small in area and high in amplitude.
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Notice the rather square pattern at E595 S250; this is caused by a
strong conductivity low, possibly a metal object, which is there. For
this 3x3 matrix smoothing, the measurement at each point is replaced
by the average of the 9 measurements which surround that point.
In Fig. B77, contour lines are drawn in the range of 5 - 13 mS/m;
white areas inside dense contours have values above or below that
range.
The pipes and the wire have low values along their length,
but there are high values of conductivity at a greater distance from
the center of the utility lines. This is just what is shown in Fig.
B53.
Many metallic objects were detected by the EM31, and Fig. B76
shows these as conductivity lows. The locations where there is metal
can be accentuated by subtracting the smoothed map of Fig. B77 from
Fig. B76.
This has been done in Fig. B78.
Most of the small
patterns there are caused by buried metal objects. The pipes and the
wire are very clear in this map; notice that the pipe which follows a
line like a backwards L at the top of the map ends with a T-pattern
on the west.
The map of Fig. B78 provides the start of the interpretation of
the conductivity measurements of Fort Morton.
High conductivity
anomalies which are isolated and small in area could be caused by
metal objects which are rather deep underground; they are marked with
circles in the interpretation map of Fig. A32.
If there is low
conductivity in the middle of the anomaly, the metal is probably
shallow, and an X in Fig. A32 locates these points. The approximate
extent of broad-area conductivity anomalies was also delineated in
the interpretation. The linear patterns on the east side of Fig. B76
are along a side of the former road; perhaps there was a shallow
ditch there at one time, and it has been filled with soil which is
different from what was originally there.
Because of the low conductivity of the soil in the Fort Morton
grid, I had difficulties with the EM38 conductivity survey. I found
ways of reducing my difficulties, but only after I finished this
survey. While the map shown in Fig. B79 does not have high quality
data, it is adequate to reveal many things. The many small circular
black patterns there are mostly caused by shallow metal objects;
these objects are larger than nails, and are probably at least 10 20 cm in size.
Pipes and a wire cause the linear patterns; notice
that these patterns are not as broad as those found with the EM31.
The large patterns in the EM38 conductivity map were made
apparent by smoothing the measurements; see Fig. B80.
Before this
striation smoothing was done, it was first necessary to remove most
of the effect of metal objects from the map.
This smoothed map
reveals the large-area conductivity features which are plotted in the
interpretation map of Fig. A33. The small features were located with
the aid of the difference map of Fig. B81. The diameter of the oval
patterns in this map increases where the anomalies have a greater
area or amplitude; the diameter is therefore an indicator of the
clarity of detection of the objects.
The EM38 conductivity survey
did not locate the linear patterns along the edge of the former park
road; these were quite clear with the EM31.
I would expect that
these features should be shallow, and therefore likely to be readily
detected with the EM38. The failure of their detection may be due to
the different depth weighting of the EM38 and EM31; perhaps high and
low conductivity strata cancel each other out with the EM38.
I resurveyed three small parts of the Fort Morton grid with both
the EM31 and EM38. Since these measurements were spaced by 1 ft (0.3
m) rather than 5 ft (1.5 m), it was possible to detect small features
much better.
The EM31 conductivity map of the Bombproof detail is
shown in Fig. B82. The two powder magazines at the fort were detected
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as high conductivity anomalies; these are located along line E335, at
about S195 and S250.
This survey was done in the summer, and lightning noise caused
difficulties with the data; the map here has been smoothed with the
striation filter described above.
The interpretation is plotted in
Fig. A40. Except for a lateral gradient in the conductivity, and a
few possible metal objects which are indicated with low values,
rather little was detected by this survey.
As is usual, the EM38 survey detected many more metal objects.
The map of Fig. B83 locates them as oval patterns; the long axis of
the ovals is in the direction of the EM38, north-south.
Since the
full range of the measurements has not been contoured, the middle of
these anomalies can be white; this helps to show the hachures on the
contour lines and therefore it reveals that most of the small
anomalies are lows.
When this map is smoothed, the conductivity
pattern is simplified (see Fig. B84). The difference of the original
and the smoothed maps, in Fig. B85, reveals only low conductivity
anomalies.
These are probably shallow metal objects and they are
marked with + signs in the interpretation of Fig. A41.
There are so many metal objects in the Bombproof detail that
they interfered with the visibility of the larger patterns in the
data. For Fig. B86, each of the small-area, high amplitude anomalies
were removed from the data.
This finally reveals more of the
anomalies. Two high conductivity anomalies near the bottom of the
survey area could be caused by deeper metal objects, and these have
been indicated in Fig. A41. A few other anomalies are apparent as a
central low value which is surrounded by high conductivity; these
could indicate metallic objects at an intermediate depth.
A
different symbol (a plus in a circle) locates these in Fig. A41.
None of the EM38 and EM31 conductivity maps of this area
revealed anything of the bombproof trenches.
While the resistivity
map of Fig. B9 shows one of these trenches clearly, neither the EM31
nor the EM38 conductivity map give any hint of this trench.
This
lack of detection by the EM instruments does not indicate any
fundamental failure of the instruments.
The difficulty is probably
just caused by the stratification of the soil here.
While
resistivity and conductivity are just reciprocals of each other,
there is no way that the maps measured with a resistivity survey can
be simply converted to maps which are identical to those measured
with the EM38 or EM31 instruments.
This is because the three
instruments measure depth-weighted averages of the soil's resistivity
or conductivity. Since this weighting is different for the different
instruments, the readings cannot be directly compared.
This
different weighting can cause one instrument to detect a feature
clearly and another to miss it completely.
The conductivity surveys of the Trench detail are plotted in
Fig. B87, Fig. B88, and Fig. B89.
The total range in the
conductivity measured with the EM31 in this entire area was only
about 1 mS/m.
If the analog meter of the instrument was read, the
anomalies here would be impossible to record, for the deflection of
the needle would be too small.
The digital recording of the data
logger has allowed the very faint changes to be mapped.
The EM38 conductivity is mapped as Fig. B88.
Low readings are
marked by hachured contours; these may be caused by metal objects.
Note that two objects (along line E502 at S28 and S45) are lows which
are surrounded by a ring of high values.
With the smoothed map of
Fig. B89, two local regions with only high conductivity are apparent:
at E465 S52 and E485 S18. These two anomalies are probably caused by
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metal objects which are moderately deep underground.
They are
interpreted in Fig. A49.
Two of the low conductivity anomalies
detected by the EM31, and mapped in Fig. A48 with broken lines, were
detected by the EM38 as deep metal objects; these two metal objects
may be particularly large.
As with the other conductivity surveys at this site, the
conductivity measured by the EM38 is usually somewhat lower than that
measured with the EM31. Since the EM31 measures to a greater depth,
this just indicates that the deeper soil is more conductive than the
shallow soil.
The EM31 conductivity map of the well in the Iron detail shows a
very simple pattern; it is at the upper left corner of Fig. B90. The
predominantly low values just mean that metal is rather shallow in
comparison to the 3.66 m coil spacing of the EM31. The anomaly is a
circular low, which is surrounded by a very weak ring of high values.
This map is the average of the readings which were made with the bar
of the EM31 going north-south and east-west. The difference of these
two readings is mapped in the upper right part of the figure.
In
both maps, the contour interval is 0.25 mS/m.
While the EM31 shows the anomaly of the well to be a low, the
EM38 shows it as a high; this map is at the lower left of Fig. B90.
Because of the high conductivity which the EM38 detected at the well,
the depth can be estimated. This is indicated as 2.4 m in Fig. A53.
The EM38 also located several other metal objects in the vicinity and
these are also mapped in the interpretation figure.
Detailed procedures
The procedures described below can make it more difficult to do
conductivity surveys, but these procedures may result in more
accurate and reliable conductivity anomalies, particularly at sites
where the conductivity of the soil is not high.
All of the conductivity meters are rather sensitive to
electrical interference. At Petersburg, the greatest difficulty came
from the sferic noise of lightning; this is the same noise which can
be heard on radios as static crashes. The effect of lightning noise
is obvious in Fig. B91. The same line was measured when there was a
thunderstorm nearby, and when none was near. While the EM31 is less
sensitive than the EM38 to the static of lightning, the interference
can still be severe.
All of the measurements which were made when
this thunderstorm was near had to be discarded, and the area was
later re-surveyed. Because of the low amplitude of the conductivity
anomalies
at
Petersburg,
the
conductivity
instruments
were
particularly sensitive to noise.
If the amplitude of the anomalies
had been about 5 mS/m or more, as it can be at some sites, the
lightning would have caused little difficulty.
At other sites, I have detected the most severe noise from
nearby electric lines.
The source of this interference is probably
not the 50 or 60 Hz frequency of the electrical current. It is more
likely caused by abrupt changes in the electrical current flowing on
the line, which is caused by heavy machinery starting or stopping;
even light dimmers in houses can create electrical noise on nearby
wires (Skomal 1978).
If you plan to do conductivity surveys in
cities or near high voltage power lines, it is important to first
test the noise at the site.
At Petersburg, there was little noise from industries or high
voltage wires. However, I monitored the noise during my conductivity
surveys, often making one or more tests each day. I did these tests
by just keeping the conductivity meter stationary and making a series
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of measurements. Fig. B92 shows examples of my tests at Petersburg.
The noisy measurements, on 9 August, were made when there was a
thunderstorm nearby, and the data shown with asterisks have a greater
variability.
I have quantified this variability by calculating the
standard deviation (s.d.) of the measurements; these values are
listed on the graph.
At other sites, I have found that most of the noise detected by
the conductivity meters appears to come from power lines.
I have
made over 16 measurements of EM noise at over 10 different
archaeological sites. The table below summarizes my findings of the
power line noise which I have measured with the EM38; the noise
detected by the EM31 is half these values.
Noise standard deviation, mS/m
-------------------------City
0.2 - 0.6
Village
0.1 - 0.3
Rural
0.05 - 0.1
The EM38 is more sensitive to interference than the EM31. While
the measurements of Fig. B93 were made on a rather quiet day, late
summer at Petersburg is the most common time for thunderstorms. The
magnetic coils in the EM38 are located at the ends of the instrument.
In the normal mode of operation of the EM38, measurements are made
with the thin edge of the instrument vertical; the control knobs for
the meter are then on top of the instrument.
In this mode, the
magnetic field from the coils is directed in a vertical direction,
and this the called the vertical dipole mode. If the instrument is
set with its large surface on the ground, this is called the
horizontal dipole mode.
While there is not much difference between
the north-south and the east-west orientations in horizontal dipole
mode, the lightning noise in horizontal dipole mode is much worse
than the noise measured with a normal, or vertical, orientation of
the dipoles.
Measurements with the EM38 resting on its side examine the soil
to a shallower depth, and this can be valuable for some sites; these
measurements with horizontal dipoles, combined with measurements with
vertical dipoles, allow one to estimate how the conductivity of the
soil changes with increasing depth.
There is some tendency for the
horizontal dipole mode to be most sensitive to lightning noise, while
vertical dipole mode is most sensitive to power line noise.
Another example of severe interference is illustrated in Fig.
B94.
This graph shows that it can be impossible to get good
measurements when lightning is nearby.
Three different conditions
are tested in this figure.
The short broken lines indicate the
noisiness which I measured with simple measurements.
Note that the
major effect of the noise is usually a decrease in the value of
apparent conductivity. If maps are made when this noise is severe, a
series of low values are seen along measurement traverses in the map.
The noise from lightning and power lines can be reduced by
averaging a series of readings with the conductivity meter stationed
at one point. In Fig. B94, the solid line shows the great reduction
which is possible with this averaging. I programmed the data logger
to sample the measurements from the EM38 at intervals of 0.5 s; I
also set the logger to average these samples for about 5 s, which is
about 9 samples. On ten different occasions, I compared the noise of
the EM38 with and without this averaging; I calculated the ratio of
the standard deviation of the unaveraged readings to those measurements where about 9 samples were averaged. The average of this ratio
was 3.2, which is approximately equal to the square root of 9. If the
noise had a normal statistical distribution and each sample was
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independent, one would expect the noise to be reduced by a factor of
three. This reduction in the noise can be very helpful in making a
good conductivity map.
I also calculated this ratio of noise without and with averaging
for the Geonics EM31; for the 13 times at Petersburg when I tried
this, the average ratio was 1.6, rather lower than the ratio for the
EM38. This lesser improvement with the EM31 is due to the fact that
its raw or displayed measurements are already averaged; there is
about a 1 s integration time within the instrument.
This averaging
is visible as a slightly sluggish movement of the meter needle as the
instrument is moved along a line of measurement.
Seasonal changes in the noise measurements with the EM38 are
plotted in Fig. B95. Lightning is most frequent in summer, and also
in late afternoon; so is the noise.
The EM31 tests indicated the
same peaks; however, Fig. B95 shows that the EM31 noise is less.
Lightning noise can be a great problem in tropical areas; when noise
is most severe, it can be best to survey at first light in the
morning.
The electronic circuitry within the EM31 has a built-in
averaging which helps to reduce the noise of its measurements.
The
effect of this averaging is seen in Fig. B97. The horizontal axis of
the graph shows the time of survey, and the asterisks mark the
measurements which were made at about 1 s intervals at each 5 ft
point along line N80.
Note that the EM31 tends to overshoot its
measurements. That is, if the measurements at the prior point were
low, the first readings of the EM31 at the new point will also be
low. There appears to be an inertia to the measurements. Because of
the 1 s integration time of the EM31, it can be necessary to wait for
a second or two at a point before reading the measurement. The EM38
does not have this built in averaging; while this makes it more
susceptible to noise interference, it also makes it respond faster to
changing conductivity along a measurement traverse.
Conductivity surveys with the EM38 are typically done with the
instrument setting on the surface of the ground. This maximizes the
conductivity anomalies of buried features, since the instrument is
then closest to the features.
However, when the instrument is set
directly on the ground, it is very sensitive to features very near
the surface of the soil; these may be small bits of metal trash. If
your site is rather trashy, it may be necessary to elevate the EM38
above the surface.
The effect of elevation is illustrated in Fig. B98.
Note that
the apparent conductivity decreases as the instrument is lifted; this
is because the reading with the elevated instrument averages the
conductivity of a layer of air, which is zero. Note also that when
the EM38 is directly on the ground's surface, the readings are very
irregular. This is almost surely due to the density of small metal
objects at this site. When one of the two end coils of the EM38 is
very close to one of these small objects, it causes a very low
reading, or sometimes a high.
Because of the irregularity of the
readings which are measured when the EM38 on the ground, a different
procedure is needed; if there is metal trash at the site, it will be
necessary to raise the instrument, even though this reduces the
anomalies of interesting and deeper features.
Since there were so many shallow metal objects in the soil at
Petersburg, all of my EM38 measurements there were made with the
instrument elevated above the ground surface. This height ranged from
0.3 m in the Fort Morton grid to almost 0.7 m in the Taylor House
grid. The upper illustration in Fig. A88 shows the EM38 being carried
in a sling; this can be used to lift it above the ground. In order to
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keep the elevation of the instrument constant, I instead tied the
EM38 to a triangular frame made of plastic pipes. The EM38 was high
enough that there was no difficulty caused by the downed trees and
the brush in the wooded part of Fort Morton.
My detailed
conductivity surveys in the Fort Morton grid were made on grassy
areas, and the measurement spacing was 1 ft (0.3 m).
For these
surveys, I tied the EM38 between two wooden boards and pulled it
along the lines of measurement; this travois is sketched in Fig. A88.
With all of these procedures, it is important to keep all metal quite
distant from the EM38. I made sure that there was little or no metal
in the carrying frames, and the metal of the data logger was also
carried well away from the EM38. The EM31 is much less sensitive to
moderate sized metal objects which are nearby.
The measurements of apparent conductivity are decreased when the
EM38 is lifted in the air. It is not necessary to correct for this
decrease, but I did it so that the surveys in the different areas
could be more readily compared.
I determined the correction factor
from tests like that shown in Fig. B98.
I multiplied the readings
with the elevated instrument by factors which ranged from 1.16 to
1.54; these factors would be different for a site with different soil
stratification.
The measurements of the conductivity meters will change with
changes in temperature.
This effect is most noticeable with the
EM38, and at sites with low conductivity, such as Petersburg. During
part of my EM38 conductivity survey of the Fort Morton grid, my lines
of traverse moved between wooded and open areas.
The difference
between the sunny and shaded areas caused the instrument to warm and
cool. As an example of this, I once set the EM38 on the ground in a
sunny area while I moved the 600 ft (182 m) long rope which guided my
lines of measurement.
During the 22 minutes that the instrument
rested in the sun, the apparent conductivity indicated by the meter
rose by about 6 mS/m; it took about 23 minutes with the instrument in
the shade for the instrument to cool down and return to the
conductivity of the former value. This drift of the EM38 was quite
large relative to the low conductivity of the soil here, and the
later correction for this drift complicated the analysis of the
survey.
While other tests have not shown as severe a thermal drift as I
found during the Fort Morton survey, temperature changes are always a
cause of difficulty for EM38 surveys. This difficulty can be greatly
reduced by encasing the EM38 in insulation.
After this Fort Morton
survey, I made a shell of expanded plastic (Styrofoam) which fits
outside the EM38; this insulation is about 0.9 cm thick. I added a
thin layer of laminated wood over this plastic to protect it from
abrasion.
My measurements suggest that this insulation reduces the
thermal drift rate of the EM38 by a factor of about 10.
The manual for the EM38 gives a good description of the
procedures for calibrating the instrument. Fig. B99 may help you to
understand the operation of the two controls which control the
calibration. Notice that if the QP (quadrature phase) zero knob is
incorrectly set, all readings shift up or down by a constant. If the
IP (in phase) setting knob is incorrect, the amplitude range of the
measurements is accentuated or muted.
That is, the QP zero setting
determines a constant which is added to the measurements, while the
IP zero setting determines a multiplying factor for the measurements.
I analyzed this effect by measuring a line of conductivity at
the Taylor House three times. For the first survey, I set the EM38
correctly. For the other two surveys, I incorrectly set one and then
the other of the two calibration controls. Fig. B99 just shows the
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correlation between the measurements with correct and incorrect
settings.
If there was no error, the repeated measurements should
have fallen along the diagonal dashed line.
The EM38 is calibrated from measurements with the instrument
held high in the air.
While the EM31 seldom needs calibration, it
can be done with the same procedures if it can be held at a height of
6 m or so in an area where the soil has a low conductivity. I have
found one way of doing this is to lift the EM31 up into a tree and
calibrate it there.
Radar Surveys
Petersburg is an unusually difficult site for conductivity
surveys; it is also unusually good for ground-penetrating radar
surveys.
You may wish to think that the success of the radar at
Petersburg will be duplicated if you try radar at your site; it
probably will not. At many sites where I do geophysical surveys, I
never even consider a radar survey; this is because it is obvious
that the radar is unsuitable. If I were to rank those sites where I
have done radar surveys in order of the success of the survey, this
site at Petersburg would be in the upper 5 per cent.
If you are beginning to do your own geophysical surveys, you
should not begin with radar.
When the factors of equipment cost,
ease of survey and interpretation, and suitability for general sites
are considered, ground-penetrating radar is ranked lower than
resistivity, magnetic, and conductivity surveys.
That is why this
section is placed in this part of the report.
At their best, however, radar surveys reveal a greater richness
of detail of underground features than that furnished by any other
type of geophysical survey.
Radar surveys also detect a wider
variety of features than other surveys do. Because the radar detects
so many features, it may be less able to furnish an identification of
them; different features may look rather similar.
However, the
capability of radar for identification is improved by of the good
depth information which it provides.
When radar profiles are made
along parallel lines, a rough approximation of the three-dimensional
form of a buried feature can be determined from the profiles. This
form or shape information is usually the best guide to the
identification of the features which are detected by the radar.
Radar is an interface detector.
This is quite different from
resistivity, magnetic, and conductivity instruments.
They generally
detect the volume, area, or mass of features; their anomalies
increase as these parameters increase.
Radar is best for detecting
rather abrupt changes in the soil; if the soil contrasts are diffuse
or graded, the radar may not be able to detect them. For example, in
sandy or gravelly soil, the water table is a rather sharp interface,
and the radar can map it clearly. If the soil is silty, there is a
very broad region where the moisture of the soil changes from dry to
water-saturated; the radar will probably be unsuccessful at locating
this interface. The burrows of animals and insects in the soil can
also blur the boundaries between soil strata.
Radar will generally detect features of a given size at a
greater depth than will other geophysical instruments. However, the
radar is not suitable for detecting thin soil strata.
A floor
pavement below a prehistoric house will probably not be found with
the radar, unless there is a good contrast in the soil above and
below the pavement.
Radar is generally excellent for mapping soil stratification. If
there is a modern fill soil layer over an important cultural layer, a
radar survey is suitable for searching for this deeper layer,
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providing that the fill soil does not contain a lot of building
rubble or metallic trash.
Radar is best for profiling soil strata
which are moderately flat and which do not have an angle of dip which
is greater than about 20 degrees.
If strata dip at a sharp angle,
the radar profiles do not reveal the shape of their interfaces.
A
broad and shallow lens of cultural debris may be buried at a site;
the radar can be excellent for mapping the thickness and depth of
this feature; in fact, a good topographic map can be made to show the
three-dimensional shape of the feature.
If, instead, there is a
steep-sided pit which has been refilled with debris, the radar will
never be able to detect the sides of the pit; it may readily detect
the debris in the pit, but the radar image will not reveal that there
is a pit there.
The radar image of this pit would probably be the
same as that of a boulder which was underground there.
The soil at a site has a major effect on the suitability of a
radar survey. If the soil is stratified, this stratification should
contrast with the features you seek.
Most archaeological features
are rather small; if there are small features naturally in the soil,
the difference between the cultural and natural features may be
impossible to determine.
Stones in soil are a particular source of
confusion; if bedrock is shallow, the soil will probably be stony.
Soils in or near glaciated areas can also show complex patterns.
If you are trying to locate flat surfaces, such as the floors of
structures, with the radar, your success will be better if there are
no natural and rather flat interfaces in the soil. However, if there
is planar stratification visible on the radar profiles, features dug
into and through these strata may be more apparent. In general, the
radar gives the greatest success where there is little stratification
visible on the radar profiles; Petersburg is such a site.
The type of soil and its conductivity have a major influence on
the depth to which the radar can profile.
In clayey, saline, or
silty soil, the profiling depth may be so shallow that the radar is
worthless. If you know the type of soil at a site, you can make a
good prediction of the suitability of a radar survey (Doolittle and
Collins 1995).
Measurements of the electrical conductivity or
resistivity of the soil also provide a good prediction.
If it is not possible for you to get a resistivity meter to the
site for tests of the soil resistivity, you might have a sample of
soil sent to you for tests; a volume of about a half liter will be
adequate. You can put this soil in a small plastic bowl and saturate
the soil with distilled water. Then, you can measure the resistivity
of the soil using small pins rather than large electrodes.
These
pins can be stuck into a small wooden or plastic stick so that they
are spaced by about 1 cm.
These pins can then be touched to the
surface of the soil and a measurement of resistivity made with the
Wenner configuration using your normal resistivity meter.
If the
spacing between the pins is much smaller than the distance from the
pins to the container, you will get an adequately good reading. Since
the soil will be wet, you may underestimate the actual resistivity of
the soil at the site, but this is better that an overestimate.
Equipment
For many years, there were only one or two manufacturers of
ground-penetrating radars. Now, there are at least five different
suppliers of these instruments. There is a good range in the price
and in the capabilities of the radars. There are light-weight and
portable radar systems that are readily carried to a distant site and
which operate from simple batteries. There are also complex radars
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which have excellent control of the profile images which are created.
These more complex radars may adjustable to be best at many different
site conditions; they may be very fast and they may have a higher
resolution in their profile images.
There are different procedures for sending the radar signals
into the earth.
Most radars send the short pulse of a radio wave
into the soil; these are called pulsed or impulse radars.
However,
other radar systems send a much longer duration radio wave into the
earth; the frequency of this wave changes during the transmission.
This type of radar is called a chirped, a swept frequency, or a
frequency modulated (FM) radar.
Both types of radar are equally
suitable for surveys at archaeological sites.
Fig. A86 has a sketch of the ground-penetrating radar which I
used at Petersburg. This is a pulsed radar. It is bulkier than most
modern radars; it is my opinion that it gives higher quality profiles
than many other radars provide.
A gasoline-powered electric
generator provides the 200 W of electrical power required by the
equipment. Most of this power is used by the recording equipment.
The radar images are displayed on the graphic recorder as black
and white shades on a paper scroll. The recorder shown in Fig. A86
has electro-sensitive paper. A small spark burns off a white coating
on the paper and exposes a black layer below.
This paper slowly
feeds as a profile is being generated, allowing an immediate
indication of the findings of a radar traverse.
The control unit
sets the maximum depth range of the radar, and also other technical
parameters. The complete data of the radar profiles is stored with a
tape recorder. This provides a backup copy of the paper image. The
data can also be used to make additional, and possibly larger-scale,
copies of the radar profiles.
Further processing of the radar data
is also possible from this tape copy.
The central part of the radar is within the boxy antenna sleds.
With my radar, a long electrical cable connects the recording
equipment to the antennas. Other radars use a fiber optic cable for
this connection.
With some systems, the recording equipment is
combined with the antenna, and no cable is needed.
The connecting
cable for my radar is long enough that I can readily make profiles as
long as 100 m; this is a convenient length for profiles.
The radar antennas shown in Fig. A86 also contain the
electronics for the transmitter and receiver. The particular antenna
sleds which are sketched there have separate antennas for the
transmitter and the receiver, but this is not necessary since the
same antenna can be used for both the transmitter and receiver. The
antennas are mounted on the bottom surface of the boxes. Much of the
radar pulse goes into the soil below the antenna, however, part is
radiated into the air. The power of this radiated signal is quite
low, less than the power radiated from hand-held transceivers used
for communications. Should you wish to limit your exposure to these
radar signals, you should investigate the frequency and power from a
particular radar in more detail.
The two antennas which I found most suitable for the survey at
Petersburg are sketched in Fig. A86. As this figure suggests, lower
frequency antennas have a larger size. I have described these
antennas by the predominant frequency which is apparent on a radar
profile made with the antenna resting on rather typical soil. A manufacturer may describe an antenna by the frequency of the signal when
the antenna is elevated in the air; these frequencies will be higher
that the frequencies of my description.
For example, the 180 MHz
antenna has a frequency in air of about 300 MHz, while the 315 MHz
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antenna has an air frequency of about 500 MHz.
By the way, these frequencies are about in the band where
television signals are transmitted.
There are also many other
signals in these bands. While there will be a small amount of radio
interference to a radio or television which is very near the radar,
most of the interference will go the other way. Since the radar has
such a sensitive receiver, it detects radio signals from other
transmitters in the vicinity as interference. Mobile transmitters in
cars or trucks are particularly a problem in cities; small hand-held
transceivers cause interference if they are close also.
Look for
nearby transmitter antennas near a site before considering a radar
survey.
You will select a radar antenna on the basis of what you know
about the soil and also the size and depth of the archaeological
features at a site.
If the features are larger than 2 m in size,
most of the common radar antennas will be suitable.
The 180 MHz
antenna of this survey can detect some features as small as about 0.2
m in size, while the 315 MHz may be able to detect features as small
as 0.1 m in size.
These small features may have to have a depth
which is less than 0.5 m to be detected.
Remember that there are
many natural features in the soil which are small in size.
If you
are trying to locate post holes, there are also many stones, rodent
tunnels, and tree roots which are about the same size and which will
be detected at least as readily. If you need to search the upper 0.5
m of the soil, you will need a fairly high resolution antenna,
probably the 315 MHz antenna or one with even higher frequency.
There is a good correlation between the depth at which a radar
antenna will profile and the electrical resistivity of the soil.
Fig. B100 shows some of my measurements.
Depths and resistivities
are plotted there for 79 different sites where I have measured both.
If the resistivity is greater than 1000 ohm-m, the 315 MHz antenna
has generally been the best; if the resistivity is less than 100 ohmm, the 180 MHz antenna is generally best. While the maximum depth at
which features are detected is dependent on the contrast of the
underground features, the depths here have been estimated from the
maximum depth at which distinct echoes were detected at each site.
A specific radar antenna will be optimum for exploration though
a particular range of depths. You will be able to select an antenna
which is most suitable for your site. The antennas are distinguished
by the frequency of the radio wave which they transmit.
High
frequency antennas allow the detection of small features at a shallow
depth; lower frequency antennas will detect features which are
deeper, but the features must be larger and they must not be too
shallow. Radar antennas are primarily limited by the maximum depth at
which they can profile, but they are also limited by the minimum
depth at which features can be detected.
As the frequency of the
antenna is reduced, both the maximum and minimum depth of exploration
increase.
I tested four different radar antennas during my survey at
Petersburg. Radar profiles made over the cellar of the Taylor House
and also the bombproof trenches of Fort Morton illustrate the
tradeoff between resolution and profiling depth. These antennas are
described by either their resolution or their characteristic
frequency; the adjectives "low", "medium", "high", and "very high"
distinguish both the resolution and the frequency of the four
antennas and their profiles.
A low resolution radar profile across the cellar is illustrated
in Fig. B101. This antenna is not sketched in Fig. A86; it is larger
than the two antennas there and it is about 1 m square.
The
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horizontal span of the radar profile is 50 ft (15 m); tick marks at
the top of the profile show 5 ft (1.5 m) intervals. The black bands
at a depth of about 1.5 m are echoes of the radar signal from the
floor of the cellar. This is the antenna which I used for the first
radar survey at Petersburg (in 1979) and it readily detected the
cellar then.
The same line is profiled with a medium resolution antenna in
Fig. B102.
Note that shallower features are detected with this
higher frequency antenna.
The darker echo bands with this profile
are just caused by the fact that the settings of the radar were
different for this profile and that of Fig. B101.
There is a very pronounced difference with the next higher
frequency antenna, whose profile is illustrated in Fig. B103.
The
very thin echo bands indicate its higher frequency and its capability
for detecting thinner strata.
The flat echo bands which are very
apparent below a depth of 1.5 m are just caused by a defect in the
radar.
The highest frequency antenna gives the rather faint, but finedetailed echoes plotted in Fig. B104.
This antenna is not
illustrated in Fig. A86; it is only about 0.25 m long.
Notice the
echo on the profile at N70; this is from an object which is about
0.25 m underground. It is detected weakly with the 315 MHz antenna,
but not detected at all with the two lower frequency antennas.
However, the detection of the cellar is so weak with this antenna
that this antenna is much less suitable than the other antennas for
features at a depth of greater than 1 m. However, this antenna can
detect features as shallow as about 10 cm.
Four radar profiles from Fort Morton also illustrate the effects
of resolution and depth.
With a low frequency antenna, the echoes
from four trenches of the bombproof are difficult to isolate on the
profile of Fig. B105.
During my 1979 search for Fort Morton with
this antenna, I could not identify the fort on the profiles which I
made with this antenna; see Fig. C150. The trenches of the fort are
more distinct in the higher resolution profiles of Fig. B106 and Fig.
B107. With the highest resolution profile, shown in Fig. B108, only
one of the trenches is detected with a strong echo.
If a radar survey is to be done in a city, it may be most
important to select an antenna which will detect less interference
from the many other radio transmissions.
I have always found that
the 315 MHz antenna detects much less noise in cities than the 180
MHz antenna.
Even though the 180 MHz antenna should be able to
profile to a greater depth, I have found that noise can limit its
profiling depth to be less than that of the 315 MHz during surveys in
cities.
Survey procedures
Radar profiles are easiest to interpret if they cover rather
long spans. If the profiles do not extend to a good distance outside
a feature, the feature might not be recognized as anything unusual.
As with my other surveys, I find it best to make the radar profiles
go the long length of a site rather than the short width.
A site will usually be surveyed with the radar by making a set
of parallel profiles across it.
The spacing between these profiles
is determined by the time allowable, and also the size of features to
be mapped. For some applications, widely spaced profiles can be very
suitable. For most of my surveys at many sites, I have started with
a line spacing of 1 - 2 m. If interesting features are found, I can
go back and make profiles midway between the original profiles in
order to resolve the shape of the features better.
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If long or linear features need to be mapped, but their
direction is not known, it can be important to make radar profiles
going in two perpendicular directions.
If the direction of the
features are known and constant, just profile across the width of the
features. It is necessary to make difficult choices about strategy.
After an area has been surveyed with lines spaced by 1 m, should the
next group of profiles be midway between those first profiles, or
should they be at the same spacing, but in a perpendicular direction?
The information from the initial survey may answer this question, but
it is almost always good to make at least some profiles in a
perpendicular direction.
The lines of profile can be marked with a rope which has
calibrated marks along its length at fixed intervals. I find it best
to set this rope slightly off the line of the profile, so that the
antenna goes just next to it during the traverse.
The recorded
traverses with the antenna should be made in only one direction, and
not in a zig-zag fashion.
If alternate profiles are in opposite
directions, they are difficult to interpret; however, it may be
possible to make an electronic correction of the profile direction.
If there are trees in the area of survey, it will usually be
necessary to profile in only one direction in order to keep the cable
from the antenna to the recording equipment from getting wrapped
around trees.
I can operate my radar by myself, since I can turn the recorders
on and off from where I am at the radar antenna. Some radar systems
will require two people for their operation. The recording equipment
for my radar is usually in the back of my car. After I have finished
a line of traverse, I sometimes walk back to the recorders to note
the location of the traverse on the profile and to take a look at
what the profile revealed. Otherwise, I have no immediate indication
of the findings of the survey.
It is possible that the long electrical cable connecting the
radar antenna to the recording equipment will become twisted
(actually, rotated) during a survey; this will make it more likely
that the cable will become caught in weeds or brush. This twisting
can be prevented by pulling the antenna so that it effectively makes
S-patterns on the ground; you can make these S-patterns if you never
pull the antenna over its cable (while you can actually cross the
cable, you should quickly cross over it to the original side).
A
cable twist is generated each time the antenna is pulled around in a
circular loop. The cable will be easiest to pick up and store if it
is not twisted. I find that a light wooden spool is best for holding
the antenna cable; an axle allows the cable to be quickly unspooled.
Whenever I can, I follow a convention that the right side of a
profile should be on the north or east side of the line of survey;
this convention is also common for drawing archaeological sections.
However, some site conditions will make it easier to traverse in a
different direction.
Sometimes it is easier to pull an antenna
uphill or downhill, depending on the slope. I usually walk backwards
when pulling a radar antenna; in severe weather, it is more pleasant
to have a strong wind on one's back. During the radar survey at Fort
Morton, I made radar profiles to the south, rather than to the
conventional north direction.
This was because of the woods which
were on the south side of the grid.
If the antenna is pulled into
the wooded area, the cable will not get caught on a branch or stump.
If the bend of the antenna cable, between its stationary and moving
sections, is in a wooded area, it is likely to get caught on a small
projection such as a short stump of a bush or root; this will halt
the traverse until the cable snag is cleared.
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I like to keep the horizontal scale of my radar profiles as
constant as possible; this simplifies their interpretation and it
also improves the accuracy of locations.
If one pulls the radar
along a line at an irregular rate, the scale of the profiles is also
irregular.
I use a small metronome to help me keep my speed
constant; this is constructed from a standard type 3909 integrated
circuit.
It is connected to a small electronic buzzer and set to
give beeps at intervals of about 1 s. I pull the radar antenna at a
speed such that there is a constant time period between intervals
along the guide rope.
With my radar, a good speed may be in the
vicinity of 1 meter per 5 seconds. If markers on the guide rope are
at 1 m intervals, I just spend my day counting up to five.
Each radar can be adjusted to set how rapidly echo scans are
built up on the radar profiles. With my radar, these echo scans are
vertical lines on the profiles; they are usually so close together
than the separate lines cannot be distinguished.
The frequency of
these echo scans, the traverse speed of the antenna, and the depth
setting of the radar determine the aspect ratio of the radar
profiles. Fig. B109 illustrates two ratios.
The aspect ratio is the compression of the horizontal scale
relative to the vertical scale.
For typical radar profiles, this
compression is usually quite large.
At the left side of the two
profiles in Fig. B109, the rectangular shapes indicate a length of 1
m on their horizontal and vertical sides.
A large horizontal
compression
allows
slightly
different
depths
to
be
readily
determined. While you could make the horizontal and vertical scales
of a radar profile to be the same, this would require a very long and
narrow paper profile.
Remember that a high compression causes the
apparent slopes of dipping interfaces to be exaggerated.
An aspect
ratio of about 15 is generally good and this is about what I normally
use.
Radar antennas should not normally be set directly on the
surface of the ground. If they are, small and shallow contrasts in
the soil have a marked effect on the antenna; this is generally
undesirable. If the antenna is lifted slightly, these effects are
greatly reduced. This difference is shown in Fig. B110. On the right
side of the figure, the sharp vertical lines in the profile make the
features more difficult to locate.
The antenna can be lifted
slightly with runners or wheels. I find that flat-bottomed antennas
can be lifted by putting foam plastic on their bottom side; a heavy
duty abrasion resistant plastic sheet can cover this foam (high
density polyethylene is excellent).
The foam plastic below an
antenna must not be electrically-conductive; thick, conductive foams
are relatively rare, and a resistance meter quickly checks for them.
The slightly elevated antenna has two disadvantages.
It
somewhat reduces the strength of the echoes from underground
features, and it increases the echoes from overhead features, such as
electric wires or tree limbs.
In some circumstances, it can be
better to have the antenna directly on the ground. However, if it is
directly on the ground surface, a small pile of grass can cause a
significant and confusing radar echo.
These are most apparent with
the higher frequency radar antennas.
A rainstorm can cause a noticeable change in the appearance of
radar profiles.
It is not always clear whether radar profiles are
better if the soil is dry or wet, but they are distinctly poorer just
after rain has started to seep into the soil. I tested the effect of
rain several times during my survey at Petersburg.
Fig. B111 shows
one comparison. There was a total rainfall of 7.4 cm in the period
between these two profiles. Note that the profile is simpler before
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the rain, and that the echo amplitudes are larger after the rain. At
this site, radar profiles made a day after a rainstorm are excellent
and show a higher contrast in the features than before the rain.
However, radar profiles made only a few hours after a rain are
inferior. There is an example at the top of Fig. B112. A day after
the end of the rain, the moisture has had a chance to spread into the
soil, and this reduces the contrast of this unwanted soil moisture
interface. The radar profiles of Fig. B111 and Fig. B112 are partly
along the line of one of the bombproof trenches at Fort Morton.
I have seen similar effects at sites with different soil. Radar
surveys, like resistivity surveys, appear to give the best results
when the soil is neither too wet nor too dry. I have not done enough
radar surveys on frozen ground to have seen any noticeable effects,
however the interface between frozen and unfrozen soil should cause
an echo on a radar profile.
Frozen soil has a higher electrical
resistivity, and this may improve the profiling depth at some sites.
Interpretation
The first step in the interpretation of a radar survey is a
determination of the speed of the radar pulse in the soil. With this
information, you will be able to estimate the depth of the features
which are detected.
I find that the best method for this speed determination is a
simple calculation based on the shapes of radar echoes which are
encountered on the profiles of a survey.
The two profiles in Fig.
B113 show arc-shaped radar echoes; the width or roundness of these
arcs is proportional to the velocity of the radar wave in the soil.
Select echoes which show clear and smooth arcs. Pipes and wires
are usually excellent for this measurement.
Since a trench might
have been dug for the pipe or wire, the soil directly over the pipe
may not be the same as the surrounding undisturbed soil.
However,
for most of the echo arc, the radar signal will have traveled through
the unexcavated soil. If you suspect that the echo might be from a
broad feature, such as an underground tank, it should not be used.
These radar echo arcs are mathematical hyperbolas.
They are
simply the result of the changing distance from the radar antenna to
the reflector.
The radar antennas send a broad beam of radiation
into the soil; therefore, the antenna detects a feature before it has
reached it along the line of the traverse.
As the antenna passes
over the top of the feature, the distance to the object decreases,
and then it increases again as the antenna goes away from the object.
The geometry of this is drawn at the top of Fig. B114.
The
letter "r" indicates the changing distance or range to the object,
while "d" is the depth or minimum distance to it.
The velocity of
the radar pulse is "v" and the time required for the pulse to go from
the antenna to the object, or back again, is "t1", meaning the oneway echo delay time.
The simple equations at the top of the figure are solved for the
velocity; this result is at the bottom of the figure. The velocity
calculation is based on three measurements which you will make on
each echo arc. These distances are marked with broken lines at the
bottom of Fig. B114.
For the first step in the analysis of an echo, draw a horizontal
line across the arc near the lowest point where the arc is clear.
Measure the distance across this arc on the paper copy of the
profile. Then convert this paper distance to the actual ground width
of the arc.
This conversion can be done from the distance between
tick marks at the top of the profile.
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Next, measure the echo delay time to the horizontal line you
have drawn. The illustrations with this report show where I find the
zero point of the depth or delay time on the radar profiles to be.
Different radar systems may have a different zero point. Your setting
of the radar will determine the proportionality between the distance
on the paper copy of the radar profile and the echo time.
Finally, measure the echo delay time to the top of the echo arc.
For my radar antennas, there are typically about three nested echo
arcs.
This triplication is just caused by the fact that there are
three pulses of the radio wave sent into the soil (actually these are
just three half-cyles of a very short radio wave).
I measure a
distance to the white line between the first and second echo arcs.
With these two times and the one distance, the velocity can be
determined with a simple calculator. Measure a few of these arcs to
see if they give a consistent value for the velocity.
There is a
more detailed discussion of my measurements of radar pulse velocity
in Volume C.
I found that a good estimate of the velocity in the
Taylor House grid was 0.090 m/ns; the velocity for the Fort Morton
grid was 0.094 m/ns.
These velocities have calibrated the depth
scales of the radar profiles and maps in this report.
Fig. B115 is a plot of the velocities of the radar signals which
I have measured at 79 sites; these are the same sites which are
included in Fig. B100.
The average pulse velocity which I have
measured is about 0.1 meter per nanosecond (m/ns).
This speed is
about a third of the speed of light (or the radar pulse) in air. The
speed of the pulse is somewhat higher in high resistivity soils, such
as sand, but the resistivity does not have a strong effect on the
velocity.
In principle, there should be a difference in the
velocities determined from radar antennas with different frequencies.
However, I have never seen a noticeable difference.
After you have estimated the velocity of the radar signal in the
soil, you can prepare a paper scale which shows the echo depths.
This scale can be set next to a radar profile and the depths can be
easily read from it.
You can then begin to map the plan position of the different
types of radar echoes.
Cluster the echoes by their appearance and
plot the location of the echoes with symbols on a map. It is good to
use a symbol which gives a hint as to the character of the echo.
Small and compact symbols can mark small and compact echoes. Linear
symbols indicate the location of a long echo pattern found along a
traverse. Use different symbols to distinguish the clarity of the
echoes also. Fig. B116 has a key to the symbols which I find useful
for my radar maps. The profiles which are illustrated here show my
definition of these different types of echoes.
There is typically no clear boundary between these different
classes. Also, I find that my definition of different types of radar
echoes can change somewhat as I do an interpretation; this does not
cause much difficulty.
My major goal is to make sure that the
important lateral contrasts in the echoes have been marked. This is
why I sometimes put a short vertical line on the interpretation map
to mark where there was a change that I could not readily categorize.
Here are approximate definitions of the different symbols in Fig.
B116. Irregular strata appear to be the result of contrasts in the
earth, such as lenses of differing types of soil. Chaotic echoes and
fine-scale complexity appear to be due to many small objects in the
soil; chaotic echoes appear most likely to be due to metal objects or
to air pockets, typical of rubble or trash underground. The echo
pattern for irregular strata is smoother than the pattern mapped as
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having chaotic echoes or a fine-scale complexity. Whenever possible,
individual reflecting objects are mapped with circular symbols.
Where there are too many objects to map separately, because of limits
on interpretation time or the density of the echoes, then the echoes
are just grouped with a linear symbol such as the chaotic echo
symbol. Weak echoes are faint, obscured, or otherwise unreliable.
Distinct echoes appear to be reliable indicators of buried objects.
The most distinct, smooth, and large amplitude echoes are marked with
a dot within a circle. Reverberations are caused by multiple echoes
from an object or soil interface.
Normally there are about three
echo bands caused by each interface; with reverberations, there are
many more vertically-aligned echoes from each interface. Typically,
these reverberations are found where the radar signal reflects
several times between metallic objects and the surface of the soil.
In some cases, they will be caused by echoes between two or more
objects which are underground, or between the upper and lower
surfaces of a sharp contrast in the soil.
All radar echoes cannot definitely be categorized into separate
types; examples can always be found which are in between any two
classes of echoes which have been defined. Radar interpretation does
not have to be perfect, but a good interpretation should try to
extract as much information from the radar records as can be
justified by time and cost. You may wish to have a procedure which
will be completely automatic, so that you do not have to make any
judgments about the radar information and so that an interpretation
can be done by any unskilled person.
This cannot be done yet.
Indeed there are computerized processes which will alter a radar
image (some people might call this an enhancement), but most of these
processes give little benefit.
However, some procedures for
extracting and mapping radar echoes from selected depths can provide
an objective display of their spatial patterns; these procedures can
be done with a computer (Battelle 1981; Goodman and others 1994;
Grumman and Daniels 1995) or with paper copies of profiles.
Computers are very valuable for eliminating much of the detail of
preparing radar echo maps and illustrations.
The figures with this
report
illustrate
drawings
which
have
been
drafted
semiautomatically, even though the interpretation itself was not done
with a computer.
It is easiest to see changes in the character of an echo along a
profile; it is more difficult to spot the changes from one parallel
profile to another. A few profiles, made perpendicular to the major
direction, can help this.
On my first interpretation of a set of radar profiles, I try to
evaluate each profile separately, without reference to the other
profiles. This gives me my most unbiased map of the locations where
features are distinct.
After I have mapped these echoes, I reinterpret the profiles, taking a closer look near those areas where I
have already mapped an echo. I try to see if there are faint traces
of the same type of echo which I did not see on the first
examination.
The radar surveys at the Taylor House will illustrate the
interpretation of radar profiles.
The first survey which I did in
the area was in 1979; my interpretation of those radar profiles is
given in Fig. B117.
That survey was done with a low frequency and
low resolution antenna; while it was adequate for locating the
cellar, the higher resolution antennas of my 1992 survey have been
much more suitable for this site.
The echo maps from these higher resolution radar surveys are
plotted in Fig. B119 and Fig. B122.
In order to generate these
figures, a total length of 27,740 ft (8.5 km) was profiled with the

52

Radar Surveys
two antennas. The lines of profile are plotted in Fig. B118. These
profile lines are much closer together than is typical; the time
required for this detailed a survey usually cannot be justified.
However, this survey has shown how even rather small and faint
features can sometimes be reliably mapped.
A total of 1878 echoes are mapped in Fig. B119 and Fig. B122.
There is not enough room in the figures to show the depths of the
different echoes.
For the 180 MHz antenna, these depths are
indicated separately in Fig. B120 and Fig. B121; see Fig. B123 and
Fig. B124 for the 315 MHz antenna.
Depths are in decimeters (dm),
multiply these numbers by 0.3 to convert them to depths in feet.
These map pairs, which separate the echoes by the direction of
traverse, help the interpretation, for they can show linear patterns
more clearly than a map which combines echoes from both directions of
traverse.
When radar profiles have been made along perpendicular lines, it
is possible to locate features more accurately, although this may not
always be needed. Fig. B125 shows the procedure. Points are plotted
on the radar echo maps (like those of Fig. B120) to indicate where
the object was closest to the radar antenna along the line of
traverse. The object may not be directly under the line of the
traverse; instead, it may be off to the side of the path of the
radar.
This is because the signal beamed from the radar antenna
spreads out to the left and right of the antenna.
The radar
interpretation maps in this report, such as those in Fig. A11, have
this refined location of features, which is derived from the detailed
echo maps.
A selection of the most interesting radar profiles is included
with this volume; additional radar profiles are in Volume C of the
report. An index of the radar profiles in this report, made in the
Taylor House grid, is plotted in Fig. B126.
The cellar floor of the Taylor House is clearly indicated at a
depth of about 1.5 in Fig. B127; a perpendicular profile is
illustrated in Fig. B128. Tick marks at the tops of these profiles
indicate 5 ft (1.5 m) intervals along the profile.
I put these
markers on the radar profiles when I did the field traverse. There
is a button on the handle of the radar antenna; I pushed this
whenever the middle of the antenna passed 5 ft points along the guide
rope. At 50 ft (15 m) intervals, I put two markers on the profile;
this allows points to be quickly and reliably located.
Black bands on the profile indicate radar echoes. Darker bands
indicate stronger echoes. The radar signal alternates from positive
to negative to positive in its polarity.
All of these alternations
are identically printed in this profile as black bands. Sometimes it
can be valuable to distinguish the positive and negative polarities,
but I have not done that for the profiles here. The white areas on
the radar profile locate regions where the amplitude of the radar
echo was low.
The amplitude is low as the polarity of the echo
changes, so there are white lines between the dark echo bands.
The upper black bands are rather horizontal and unchanging.
These bands are primarily a result of the transmitted signal going
directly to the receiver; echoes from the surface of the earth can
also appear there.
These bands can sometimes hide the echoes from
features which are at a shallow depth in the soil.
The echo bands
which are below these horizontal bands reveal information about
underground features.
Echo bands are typically triplicated, although sometimes there
will be two, four, or five echo bands caused by one feature or
interface. This triplication is just caused by the three half cycles
of the transmitted signal, a sinusoidal wave going from positive to
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negative to positive. The depth of a reflector is determined by the
distance on the profile from the surface to the first thin white band
which is below the first distinct dark band. If there are three dark
bands numbered from 1 to 3 counting from the surface, measure to the
line between bands 1 and 2.
If there are more than three black
bands, it is more difficult to determine the depth.
It is not
uncommon for there to be uncertainty in the depth of objects by an
amount equal to the width of an echo band.
Also, interference
between radar echoes can obscure and distort the echo arcs.
The
numbers at the bottoms of the profiles which illustrate this report
show my estimation of the depth of the objects; these depths are in
meters.
The radar profiles of the Taylor House cellar show a relatively
flat lower surface and also a moderately complex group of echoes
above that.
These shallower echoes might be caused by the rubble
which fills part of the cellar. The profiles of Fig. B127 and Fig.
B128 also show echo peaks or arcs at a depth of roughly 0.5 m at the
ends of the cellar.
It is possible that these are caused by the
intact brick foundation. I mapped these apparent wall depths in Fig.
A9; they are in fair agreement with the findings of the most detailed
magnetic survey.
After the radar echo maps are prepared, clustering of echoes
will be apparent and the boundaries of these clusters can be
estimated. For the Taylor House, these interpreted boundaries are
drawn in Fig. A11 and Fig. A12.
Broken lines in those figures
indicate boundaries which are not as distinct.
For some radar
surveys, I find that it can be valuable to distinguish the different
types of clusters of echoes on the interpreted map; for this survey,
those distinctions have not been strong and so I have only indicated
the clarity of the clusters.
The conductivity and resistivity maps of this grid (Fig. B4,
Fig. B66, and Fig. B73) all show high resistivity on the eastern side
of the area.
One possible interpretation of this is that rather
sandy soil has been spread on the surface in this area; perhaps this
was done when the fortifications were leveled. The radar profiles do
not reveal this soil interface, but the depths of the features do
suggest the possibility of fill soil.
The statistics of the echoes
from the high resolution antenna are plotted in Fig. B129; these
suggest that the radar echoes are slightly deeper on the east side of
the survey area.
Perhaps a layer of soil has been spread on the
surface there.
Many features are immediately apparent on the radar profiles
even as the field work is being done; the cellar of the Taylor House
is obvious by a quick look at a profile just after the traverse is
finished.
Some features only become apparent after a detailed
examination and mapping of the radar echoes. The radar echo map of
Fig. B122 shows a line of echoes which goes from the southwest corner
of the Taylor House cellar to near W80 N20; this is almost surely
caused by a trench which was at this location during the Civil War
(see Fig. A6). This feature is so indistinct on the radar profiles
that I never noticed it until I had completed this combined echo map.
Fig. B130 illustrates one difficulty in determining the depth of
a feature.
At the point labeled Gt6 there are echo arcs which
indicate that there is an object at a depth of 1.4 m. I suspect that
this object is actually at a depth of about 0.6 m, where there is a
very faint echo.
The arcs at 1.4 m are probably a second echo, or
reverberation, from the object; the radar signal made two round trips
between the surface and the object. The arcs at the very bottom of
the profile probably indicate the third echo from the object.
This
type of echo is relatively rare; it can usually be identified by the
fact that there are vertically-aligned echoes which have roughly an

54

Radar Surveys
equal spacing between them.
The very high frequency radar antenna is not very suitable for
this site because the radar echoes from a depth of over 0.5 m are
quite faint. However, I did some profiles with it over the cellar of
the Taylor House.
The echo map of Fig. B131 is a plot of the
findings.
While relatively little was located, two refilled
archaeological excavations appear to cause the echoes at the
northeast and southwest corners of the area.
The radar profiles of the Fort Morton grid were widely spaced;
Fig. B132 locates them. The total profile length for the mapping of
Fort Morton was 55,355 ft (16.9 km). The three areas of the detailed
resurveys are readily apparent in the figure.
The combined echo map of the main area of survey is plotted as
Fig. B133. The backwards-D shape of the fort can be seen; bottoms of
refilled fortification ditches were mapped by the radar.
The radar
maps are split by the direction of traverse in Fig. B134 and Fig.
B135. The buried power line is apparent near the left side of Fig.
B134; notice that this wire was not detected very well on the northsouth profiles, as revealed by the map of Fig. B135. This is because
the traverse then crossed the wire at a much smaller angle.
Fig.
B136 locates the radar profiles from the Fort Morton area which are
illustrated in this report.
The radar profile of Fig. B137 goes lengthwise down one of the
bombproof trenches of the fort; the radar indicates that the bottom
of the trench is about 0.9 m underground. Several small objects were
detected by the radar as small arcs, but these are not marked at the
bottom the profile. The unchanging gray bands at a depth of about 1
m near E475 are caused by an electronic ringing within the radar
system, and not by any soil stratification.
Another view of a
bombproof trench is given on the left side of Fig. B138.
This
profile shows a rather flat lower surface there; the profile also
shows a complex pattern above that surface which could be caused by
debris in the soil which fills the trench, or by the mixture of fill
soil itself.
The radar echo from the main fortification trench is
not very clear, but two crossings of the covered way or zig-zag
trench are very distinct.
Fig. B139 is a profile which crosses the front of Fort Morton.
The radar detected no trace of the earth ridge or parapet there, for
this was scraped back into the excavated area when the fort was
leveled. The excavation shown in the figure was made by the soldiers
as a source of the soil which built up the parapet; they used the
soil behind the parapet so that they could make their excavations
while they were protected by the parapet.
The cross-section of the
fort, at the top of Fig. A73, shows this excavation below the broken
line. The buried wire going to the tape recorder causes the echo on
the left side of the profile, at E259.
On the right hand side of Fig. B140, there is a very clear group
of echo arcs which is caused by an underground pipe. The pipe causes
three very strong arcs with additional, but faint, echoes above and
below those three. There was formerly a farm in the northwest corner
of the Fort Morton grid, and most of the echoes here are caused by
underground remnants of the demolished structures.
The two profiles in Fig. B141 appear to locate a wire. When the
radar antenna crossed over this wire at a shallow oblique angle (the
left profile), it revealed a pattern which is similar to that of a
broad soil interface.
Perpendicular radar profiles reveal very
narrow echo arcs along this line; the feature cannot be caused by a
soil contrast. Because of the 10 ft spacing between the profiles, the
interpretation of the radar in this part of the survey area is less
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certain. The magnetic and EM surveys do not appear to have detected
this feature.
This means that it is not an iron pipe; if it is a
wire, the failure of the EM survey to detect it is puzzling.
The extended echo, or reverberation, shown in Fig. B141 is a
clue that the object is metallic.
Another clear reverberation is
illustrated with Fig. B142; I use an asterisk to mark reverberating
echoes. This object must be at least about 10 cm long. Segments of
metal wires are a common cause of these patterns.
While this echo
appears to start at a depth of about 0.3 m, the object may actually
be at a shallower depth.
The geophysical summary of Fig. A22 identifies an area of debris
near the northeast corner of the Fort Morton area; the profile of
Fig. B143 illustrates this. The undulating symbol marks a span where
the soil strata are irregular.
While the area of this irregularity
is well-defined, it does not correlate with the locations of any
Civil War fortifications. This echo pattern may be caused by largearea excavations which were made during the siege, but the proximity
to the park road suggests that this could be an area which has a
layer of recent debris. The basin-shaped echoes on the right side of
the profile are caused by the fill of the former park road.
While
the surface is now grass-covered, there is probably a layer of gravel
in the ground below.
A dense mesh of radar profiles resulted in a very thorough
survey of the Bombproof detail; it is illustrated in Fig. B144. While
some of the trenches in this grid were easy to detect with the radar,
others were detected only faintly. However, the closely spaced lines
allowed these faint echoes to be delineated with a good reliability.
Fig. B145 is the combined echo map.
The directional radar maps of
Fig. B146, Fig. B147, and Fig. B148 show the depths of the echoes.
The southern powder magazine, at E340 S250, and the north-south
trench, at E360, were not at all clear on the radar profiles; they
could be mapped and identified because of the close spacing of the
radar profiles. Even with this close spacing, the radar did not give
clear information on the area near E380 S245. The resistivity survey
(Fig. B9) and EM38 conductivity survey (Fig. B86) both hint at the
possibility that rather silty soil may have been spread in this area,
and this has attenuated the radar signals here. It is possible that
this soil was spread during the leveling of Fort Morton after the
war.
In Fig. B149, a drawing of the cross-section of the bombproof is
compared to a radar profile of the existing trenches. Note that the
right-most radar echo band, which appears to be caused by a fourth
bombproof trench, is not shown in the cross-section or the map of the
fort. It is possible that this trench was dug after the map of the
fort was prepared.
The lines of radar profile which were made at the Trench detail
are mapped in Fig. B150 and the combined echo map is shown in Fig.
B151.
If the purpose of this survey was the location of the main
line of the Civil War fortification, the lines were much closer
together than they needed to be.
However, some smaller features on
the right side of the area would only be clear with rather closelyspaced lines. The findings of the separate surveys are plotted as
Fig. B152, Fig. B153, and Fig. B154.
The two radar profiles in Fig. B155 reveal the main fortification
trench. The main trench is on the left side of the profiles; there
are extensions of the trench, like bays, going to the right. These
appear to be dugouts or similar excavations which are along the back
wall of the main trench. In addition, there are isolated pits behind
the main line of the fortification. The profile of Fig. B156 may be
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crossing several of these.
The historical photographs of this
general area suggest that many huts were built behind the main line
of the fortification.
The radar detected a complex cluster of echoes in the Iron
detail at the well; Fig. B157 has the information.
While the
magnetic survey of this area was spectacular, and the conductivity
and resistivity surveys gave interesting results also, the radar
profiles were not particularly impressive. However, this survey did
indicate that there are a number of separate objects in this area,
and many of them appear to be metallic. The radar profiles of Fig.
B158 show the echoes which were detected by the two different radar
antennas.
Self-Potential Surveys
Self-potential, or SP, surveys measure voltages at the surface
of the earth.
The equipment needed for this survey is both simple
and inexpensive; however, the survey speed is quite slow.
These
surveys have not been used very much for archaeology, and so
relatively little is known about the benefits and best applications
of SP surveys. This is an excellent technique for experimentation.
It is difficult to find practical information about doing the
field work and interpretation for most types of geophysical survey.
SP surveys are different; several authors have written excellent
descriptions of the procedures (Corwin 1990; Wynn and Sherwood 1984;
Corry, DeMoully, and Gerety 1983; Burr 1982; Corwin and Hoover 1979).
Self-potential surveys are used extensively for engineering
applications, measuring the corrosion rate of metallic pipes which
are underground (Lattin 1979). I have seen very interesting articles
about the procedures of these engineering applications, but I have
never found a good and complete summary.
As near as I can tell,
there is very little communication between those in this engineering
discipline and those who apply SP for exploration geophysics, often
as a search for minerals.
Water which contains a small amount of salt becomes ionized;
when this water moves through the soil, the moving charged particles
are an electrical current. These currents create voltages which can
be measured at the surface; even the very slow movement of water
seeping in the soil can generate detectable voltages.
Since
archaeological features can cut into natural soil strata, they can
alter the rate at which rainwater will seep through the soil; these
earthen types of features might be detectable with an SP survey.
There is an interesting converse to the fact that moving
groundwater will generate electrical currents. Just as the converse
of an electrical generator is a motor, if voltages are applied to the
earth's surface, groundwater can be pumped. This is called electroosmosis (Probstein and Hicks 1993; Gray 1969), and it has been
applied to the preservation of building foundations and mud brick
walls by preventing moisture from rising within them.
Another interesting aspect of self-potential is the fact that
burrowing animals, like moles, can detect electrical voltages in the
soil (Conniff 1994); I do not know if they may be affected by the
small voltages which are measured by an SP survey. There appear to
be many mole tunnels in the Fort Morton grid, but I never checked to
see if there was a change in the density of their excavations near
the Iron detail, where the SP voltage is rather large.
Equipment
The very simple items which you need for a self-potential survey
are illustrated in Fig. A90.
Probably any digital voltmeter
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(sometimes called a digital multimeter, DMM) will be excellent for
these surveys.
You will be measuring voltages in the vicinity of
0.010 volts (0.01 V = 10 mV) and you will need to be able to read the
value to a precision of 0.001 V (1 mV, one millivolt). Most of these
digital voltmeters will have a high input impedance; this just means
that very little current flows into the voltmeter when it is making a
measurement. This input impedance should be greater than one megohm,
and probably all digital voltmeters exceed this.
Analog voltmeters
have a moving needle which points to the value on a dial. While not
as good as a digital meter, many of these meters may be suitable for
SP surveys also; you should use an analog meter if you cannot get a
digital voltmeter. If you have one of these analog meters which does
not have a sufficiently precise voltage scale, you might try to
measure with the meter's most precise current scale; this may
sometimes allow good measurements.
It would be nice if the leads from the voltmeter could be just
touched to the soil surface to measure the voltage there. This does
not usually work, however, because chemical reactions between the
metal of the electrodes and the soil changes the small voltages which
you wish to measure.
Instead, it is necessary to use special
electrodes to contact the soil; these are called non-polarizing
electrodes.
The essential aspect of a non-polarizing electrode is that the
electrical current flows from a metal (such as copper) to a solution
of a salt of that metal (such as copper sulfate in water) and then
into the soil. For the simple electrodes shown in Fig. A90, the wire
from the voltmeter connects to a copper wire which goes into the
water solution.
The ceramic of the flower pot just allows the
solution to very slowly seep through it and moisten the bottom of the
pot.
This pot is just set on the soil to make the voltage
measurement.
This type of non-polarizing electrode is called a copper-copper
sulfate (Cu-CuSO4) electrode. It is the type which is most commonly
applied to self-potential surveys. Another type of electrode uses a
different metal, this is the silver-silver chloride (Ag-AgCl)
electrode.
These Ag-AgCl electrodes are most commonly found in
chemistry laboratories, where they are used to measure the acidity of
solutions; they are called reference junction half-cells in that
field.
These Ag-AgCl electrodes are less sensitive to changes in
temperature than are Cu-CuSO4 electrodes; however, they are also more
expensive.
Cu-CuSO4 electrodes can be purchased from geophysical
supply companies or companies which sell equipment for corrosion
testing; you can also make your own Cu-CuSO4 electrodes if you wish
to.
I tested several types of non-polarizing electrodes during my
survey at Petersburg, and I got the best results with the electrodes
which I made myself.
The basic ingredient is a flower pot.
Any ceramic, non-glazed
pot will do. If there is a hole at its bottom, this can be plugged
with a cork or with epoxy putty. It is possible that there are salts
within the ceramic which might affect the measurement, so I have
washed my pots out with fresh water.
I just filled the pots with
water and let them set for a week in the air; water will slowly seep
through the pot and I rinsed this off every day.
To complete this pot as a copper-copper sulfate electrode, just
bend a short copper wire so that it goes from the edge of the pot
down to the bottom. Then, add a quantity of distilled water to the
pot to a depth of about a centimeter. Finally, put in copper sulfate
crystals, and add more later as these dissolve; make sure that these
blue crystals are always visible at the bottom of the pot. If these
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crystals are always visible, the solution is saturated with copper
sulfate, and this is necessary.
If the flower pots are dry before
the start of the survey; it may take about 15 minutes for the
solution to seep through the ceramic.
Copper sulfate is available from chemical supply companies and
perhaps also from stores which sell hardware.
A quantity of 500 g
will be sufficient for many thousand measurements.
There are
different grades of purity of copper sulfate available, and I believe
that the common chemical grade is adequate for these electrodes. If
you can find only lower purity (industrial grade) copper sulfate, try
it.
You will need at least two of these copper-copper sulfate
electrodes, but a few more may speed the survey. Copper sulfate is
not particularly dangerous.
I recall reading somewhere that it
damages leather, but I have not tested this.
Copper sulfate is
commonly used to kill algae in ponds. If too much is used, fish will
be killed also (Environmental Protection Agency 1973 p. 89).
While
only small amounts of this chemical seep through the SP electrodes,
you may reduce this by making the solution into a jelly (Burr 1982).
Perhaps the copper sulfate which seeps into the soil will remain
there a long time and cause difficulty for a future geophysical
survey which is capable of locating the element copper.
You will also need some small electrical clips to connect the
voltmeter to the copper wires at the pot. Finally, you will need an
insulated wire which is probably as long as the largest area which
you wish to survey, but a maximum length of about 40 m would be fine.
A tape measure or calibrated rope can be used to define the line of
each measurement traverse.
Procedures
I made self-potential measurements in three areas of Fort
Morton; these are located in Fig. B159.
The surveys gave the best
results in the Iron detail, where the other geophysical instruments
indicated that there was a large mass of iron underground.
My
measurements of the earth voltage, or potential, are plotted in Fig.
B160. The voltage is distinctly low at E526, over the iron mass.
I used two of the flower pot electrodes for this survey. I kept
one stationary at E509 S145, the end of the line.
This was the
reference electrode and I measured voltages relative to it. It is a
convention for SP surveys that the negative lead of the voltmeter is
connected to this reference electrode.
I scraped away the grass
below this reference electrode so that it's bottom would touch bare
soil. Measurements of voltage were made at intervals of 1 ft (0.3 m)
along a line by placing the moving electrode at those points; the
grass was scraped from these points also.
Fig. B160 shows that the voltages are very small, but they show
a clear pattern. There are two possible causes for this anomaly. The
feature there is almost surely a well which is filled with iron
artifacts. Water from the surrounding soil could be seeping into the
well shaft, creating this voltage anomaly. As a second possibility,
the iron and other metal in the well could be rusting. The chemical
reaction of rusting metal creates currents and voltages in the soil;
this action is rather similar to the operation of a battery.
The measurements in Fig. B160 required 15 minutes. The soil was
slightly moist, and the electrodes made good contact with it. If the
soil had been quite dry, I could have dug a shallow hole to where
slightly moist soil is found. If the soil is very dry, water should
not be put on soil to artificially moisten it for this will cause the
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readings to be in error; the movement of the water in the soil will
create unnatural voltages.
It is important that the electrodes touch the bare soil.
Fig.
B161 shows that I got very erratic readings when I tried to just
press the electrodes on the surface of the grass; the anomaly is
completely lost. I made these measurements with commercial Cu-CuSO4
electrodes. The broken line of the graph indicates that these
electrodes gave fairly good measurements when the grass was scraped
from below the electrodes, however, the measurements were somewhat
more irregular than my measurements with the flower pot electrodes.
The value of non-polarizing electrodes is illustrated by Fig.
B162.
The voltages are large, but erratic, when stainless steel
electrodes are driven into the soil. While the voltage is low in the
middle of the line, the anomaly is small relative to the variability
of the measurements.
You may notice that the voltage which you measure between a pair
of non-polarizing electrodes slowly changes. If you see the voltage
drifting, just wait about 15 seconds or so for it to stabilize. If
you find that you need to wait for each electrode to stabilize in the
soil, your survey will be faster if you have several electrodes
moving along the line. While measurements are made at one electrode,
the rest can be sitting in the soil, so that little or no wait will
be necessary when the voltage is to be measured.
If you use several electrodes, you will have the additional
complexity of correcting for the different inherent voltages between
the electrodes.
You should number each electrode, and perhaps use
electrode number 1 for the reference. Before you start your survey,
put all the electrodes close together in a container which contains a
shallow layer of copper sulfate solution.
Now, measure the voltage
to each pot relative to the reference electrode; these can be called
calibration voltages.
When you make your measurements along the
ground, subtract the appropriate calibration voltage from each
measurement.
If your calibration test of pot number 3 indicated a
voltage of 3.1 mV relative to the reference pot, just subtract 3.1 mV
from every voltage reading with pot number 3.
For most of my measurements at Petersburg, I used Ag-AgCl
electrodes. These electrodes are about 15 cm long and about 1 cm in
diameter. In order to support the electrodes, and for better contact
to moist soil, I cored 2.5 cm diameter holes into the soil at the
points of measurement; these holes went to a depth of about 13 cm. I
set the electrodes in the bottom of these holes.
When I moved the
electrodes across the bottom of the holes, the voltage I measured
would change by 3 - 10 mV. While I do not know the reason for this,
I believe that it might be due to the sensitivity of the small
electrodes to slight changes in the type of soil which they are
contacting. The electrodes which had a large contact surface did not
have this problem, perhaps because they average the effect of small
soil particles. In this case, lower resolution helps.
Fig. B163 illustrates repeated measurements with these Ag-AgCl
electrodes.
While both surveys found the same low voltage anomaly,
the irregularity between the surveys is about 5 - 10 mV and this
would make it difficult to detect weaker SP anomalies.
This is exactly what I found with my continuing self-potential
surveys at Petersburg. Three lines of measurement are plotted in Fig.
B164, Fig. B165, and Fig. B166. The line segments at the bottoms of
those graphs locate features which were along the measurement
traverses; none of these features was detected by the voltage
measurements. While there were lateral gradients in the voltages,
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there were no anomalies associated with the archaeological features.
The measurements in Fig. B161 were also smoothed with the filter
suggested by Wynn and Sherwood (1984).
The measurements are so
irregular that this filter does not help much.
While these tests were made along single lines, I also measured
the two-dimensional pattern of voltages within the Iron detail; these
measurements, made at 2 ft (0.6 m) intervals, are plotted at the
upper left corner of Fig. B167. That contour map is so complex that
it is almost impossible to see any patterns in it. However, a simple
3x3 matrix smoothing of the measurements yields the very clear
pattern shown at the upper right in the figure.
These measurements were made with the Ag-AgCl electrodes. I had
assumed that these electrodes would give me the most reliable
readings; I tested the simple flower pot electrodes against these
"good" electrodes only after my surveys were almost finished at
Petersburg. Perhaps some time I will be able to use the flower pot
electrodes to remeasure all of the lines where the Ag-AgCl electrodes
found so much irregularity.
It is possible that an even larger
electrode surface area would help; possibly the surface of the
electrodes could be as large as 0.2 m in diameter for even less noisy
data.
I have not done enough SP surveys to have determined how much
trees will affect the measurements. I suspect that there will be a
significant effect; you should note the location of nearby trees.
Buried pipes may also affect these surveys.
Survey details
Some details of SP surveys and their interpretation are here.
You will probably not have to concern yourself with these details
during your first few self-potential surveys.
If the soil below the SP electrodes is very dry, the voltage
measurements will probably be erratic.
It is possible to determine
if the soil is so dry that a poor contact is made with an electrode.
Just measure the electrical resistance between a pair of electrodes
while they are setting on the soil. During my surveys at Petersburg,
I measured the resistance between the two flower pot electrodes to be
about 9000 ohm.
Because of their smaller surface area, the Ag-AgCl
electrodes had the much higher resistance of 110,000 ohm.
While this test will show you if there is a problem with an
electrode, or its wiring, it does have a disadvantage.
The
resistance measurement polarizes the electrodes; this is because the
measurement sends a current through the electrodes.
The voltages
return to the normal value in an exponential fashion, as seen in Fig.
B168, and it may be 5 - 10 minutes before the electrodes are close
enough to their normal conditions. This polarization is dependent on
the current which was applied during the resistance measurement, and
also on the duration of the resistance measurement.
There is a large difference in the voltage of one self-potential
electrode as compared to another; this effect must be adjusted after
you have made your measurements. It is a good idea to keep records
on these changing voltages, for it may alert you to difficulties with
an electrode.
The measurements of my Ag-AgCl electrodes are listed
in Fig. B169.
The voltages there are in millivolts (mV).
While
there are large differences from one electrode to another, the
differences are fairly constant with time.
My measurements with two different Cu-CuSO4 electrodes are listed
in Fig. B170. The drift in the voltages of these electrodes is larger
than the drift of the Ag-AgCl electrodes. With my field measurements,
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the voltage changed by 11 mV in only two hours. It is possible that
a temporal correction will be necessary if small amplitude anomalies
are being sought.
The same solar effects that cause the Earth's magnetic field to
change during a day can also cause SP voltages to change. I tested
this at Petersburg.
The plots in Fig. B171 show that the changes
were so small that no correction was needed for the spatial
measurements. Because of the short distances between the electrodes,
it is likely that these effects will not be a problem for
archaeological surveys.
Another effect is seen if you move the wires to the electrodes
while you measure the voltages. When the wires move in the magnetic
field of the Earth, you are making an electrical generator and you
will see the voltage change. If there is a long span of moving wire,
or if you have a coil of wire which moves, the voltage from the Earth
generator will be very apparent.
The references listed at the start of this section describe some
of the procedures for the interpretation of SP anomalies. I measured
only one interesting pattern with this survey at Petersburg, but its
interpretation gave an interesting result.
I found that the measurements mapped in Fig. B167 could be
closely modeled by a small concentration of electrical charge; this
is called an electric monopole.
With a computer program, I used a
semi-automatic procedure to find the amplitude and location for this
monopole charge which best fit the measurements.
This best fit was
found with a monopole having a charge of -0.25 nC (nanocoulombs) at a
depth of 3.5 m and located at E525.8 S144.8; this assumes that the
relative permittivity (dielectric constant) of the soil is 10. This
charge is about that caused by an excess of roughly one thousand
million electrons.
Fig. B172 shows that the measurements are quite erratic, but
this model does match their general trend; the two-dimensional map at
the lower right corner of Fig. B167 also shows that the model
approximately matches the measurements.
The current which could be flowing away from the monopole source
can be estimated if the soil is assumed to have a resistivity of 200
ohm-m. This current is:
charge / (permittivity * resistivity) and
the calculated value is 14 mA. This current could be due to several
different effects, including the seepage of water, but a likely cause
is the corrosion of metal, most likely iron.
From the measurements
of Evans (1926 p. 45), the current above could be caused by the
corrosion of iron at the rate of 0.35 g/day (by way of comparison, a
dime in the USA has a mass of 2.5 g).
If this corrosion had been
steady since 1865, a total mass of 17 kg of iron would have rusted.
Special Topics
Soil chemistry
Geochemical exploration can be suitable for locating distant or
buried ores (Siegel 1974; Hawkes 1957).
The concentrations of some
chemicals in the soil have also been found to be good indicators of
the former use of the land by humans (Eidt 1985; Carr 1982).
As part of the archaeological investigation (Blades 1993) of the
Taylor House area, soil samples were removed from the plow zone at 10
ft (3 m) intervals and the concentrations of magnesium (Fig. B175),
calcium (Fig. B173), phosphorus (Fig. B174), and potassium (Fig.
B176) were determined, along with the pH of the soil (Fig. B177).
These measurements were interpreted by Brooke Blades (Blades
1993 p. 49) and he notes that some concentrations of phosphate were
correlated with the locations of former structures in the area. All
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of the chemical concentrations are highest on the western part of the
Taylor House grid; this geophysical survey also found the greatest
density of debris and metallic artifacts in that area.
There is an interesting change in the concentration of calcium
(Fig. B173) and phosphorus (Fig. B174) at about W30; both chemical
maps show very much lower quantities in the eastern half of the area.
The resistivity map of Fig. B4 shows the highest resistivity in that
area, except for the Taylor House cellar. The interpretation of the
geophysical data indicated the possibility that rather clean sand
might have been spread on the surface in the eastern part of the
survey area.
This finding may agree with the low concentration of
calcium and phosphorus in that area.
Multiple instruments
If one geophysical survey is good, are two better?
Sometimes.
One instrument may be ideal for a site, and nothing else is needed.
Additional surveys increase the time and cost of the work. It is a
little bit like photography.
If you take a black and white
photograph, this will have most of the information you need to
record. If you also take a color photograph, perhaps you add 50%
additional information, but you about double the cost.
If you
further take an infrared photograph, you might increase the
information by an additional 25%, but the increase in cost is more
than that.
Of all of the surveys at archaeological sites which I have done,
exactly half have made significant applications of more than one type
of geophysical instrument.
However, I have never applied more
geophysical instruments to one site than I have for this survey at
Petersburg.
If you wish a greater reliability to the findings of your
survey, you may choose instruments which will generally detect the
same or similar features; these might be conductivity and resistivity
meters, or perhaps magnetometers and magnetic susceptibility meters.
If you wish to detect the greatest variety of features, you will make
a selection of instruments such that each of them will detect
generally different features from the others.
David Orr, who has
specified many geophysical surveys for the National Park Service, has
found that there will be generally little correlation between the
findings of a radar and a magnetic survey at many of his sites, and
he finds this combination of surveys to be particularly efficient at
locating a wide variety of features.
It is usually possible to make fair predictions of the
suitability of different geophysical instruments for a site before
the survey begins. If these estimates are wrong, it may be valuable
to have several different geophysical instruments at a site so that
preliminary tests with them will suggest which is best.
The information from each type of geophysical survey can be
first interpreted independently from the findings of the other
surveys. Then, correlations between the measurements and findings can
be evaluated in case these combinations suggests any additional
information. Some of these tests with the data from this survey are
included in Volume C.
The different geophysical surveys may be done sequentially, one
after the other.
In some circumstances, several different types of
survey can be done together. If there is an on-going excavation at a
site, there may be extra people at some times, and additional
geophysical surveys can put them to work. When I have done projects
like this, I have never found it practical to have more than three
geophysical surveys going on at once. Parallel surveys may be needed
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if the area of survey is large, or if the survey needs to be quickly
completed.
If you are going to have topographic and geophysical surveys
done at the same time that you are excavating, you will have a busy
site. It can definitely be done, for the different crews will be
tolerant of each other.
A medium sized site can get rather dense
with tape measures and guide ropes. Since I find it most efficient
to do geophysical surveys along long lines, it is best that these
surveys all be done with traverses going along parallel lines,
otherwise the guide lines will weave into a fabric.
With parallel or concurrent geophysical surveys, it will be
necessary to carefully test for interaction between the instruments.
Generally, identical types of geophysical instruments will affect
each other's readings if they are near each other.
Resistivity and
conductivity instruments will interact at the greatest distance.
Magnetometers will interact at a shorter distance.
Groundpenetrating radars will also interfere with each other, but the
problem is not as bad as I would have thought.
If the same types of geophysical instruments are operated at a
site, it will generally be necessary to measure their relative
calibration. This will be most reliably done by measuring a single
line of survey with each of the instruments.
Then the correlation
between pairs of instruments can be determined with a best-fitting
straight line. If the measurements of the two instruments are Z1 and
Z2, this correlation will reveal the constants a and b in the linear
equation: Z1 = a * Z2 + b and this will allow the measurements of
one instrument to be converted to equivalent measurements with
another instrument. While the measurements of both instruments could
also be compared at a single point, this may only reveal the quantity
b in the equation above.
Dissimilar geophysical instruments will sometimes also interfere
with each other. The magnetic field generated by a magnetometer may
affect a conductivity meter.
The wires of a resistivity meter will
affect a conductivity meter. The iron mass of a radar may affect a
magnetic survey.
Everybody who is walking around will affect a
seismic survey. The geophones of a seismic survey are magnetic.
If you are going to have several instruments operating at once,
you will have to make careful tests of their interaction if the
instruments will be within about 30 m of each other.
Probably the
best method is to have the first instrument make a series of
measurements while it is stationary.
The second instrument is
brought closer and closer to the first instrument.
This second
instrument is either turned on and off, or is set to take a series of
measurements; the measurements should be taken at the same time as
the first instrument and also deliberately at slightly different
times.
The first instrument should be closely watched for any
unusual change in its measurements. The second instrument should be
kept farther away than the distance of this first noticeable
interaction.
This was a test of the one-way effect of the second instrument
on the first.
A second test should be made of the effect of the
first instrument on the second.
You must also check for any interference between the geophysical
instruments and the field computers at the site.
If walkie-talkies
are being used nearby, they are another source of interference.
Maintenance, reliability, safety
If you can do simple electrical repairs, you should keep some
simple spare parts for your equipment.
Connectors and wires are
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always the first components to fail; switches are second. While most
geophysical instruments are waterproof, they may be temporarily
damaged by falling into water.
However, when they are dry again,
they will probably work fine.
If they fall into saltwater, they
should be rinsed thoroughly with fresh water before drying (Kerr
1990).
If a geophysical instrument operates with internal, primary
cells, rather than a rechargeable battery, the internal cells should
generally be removed when the instrument will not be used for a few
weeks. This will minimize the possibility of chemical leaks from the
cells causing corrosion within the instrument.
Some computerized
instruments have a lithium cell inside which will power the internal
clock and data memory for the periods when the primary cells are out
of the instrument. It is possible that these lithium cells will have
a shorter life when the primary power is removed from the instrument.
If a geophysical instrument operates on rechargeable batteries, it is
important to have a spare battery pack which can be substituted
during the day, when the internal battery dies; this may be an
identical rechargeable battery or possibly an external primary
battery.
Some simple tests may help to reveal if a geophysical instrument
is operating correctly or not. With a resistivity meter, it is only
necessary to connect the meter as a two-electrode resistance meter
(connect the instruments wires V+ and I+ together, and also V- and Itogether); then, just measure the value of a resistor (about 10 1000 ohm) which you keep for this test. You may check the relative
calibration of several resistivity meters this way also.
With a
ground-penetrating radar, it is easy to check if the transmitter is
working by holding a portable radio near the antenna. You should be
able to hear the pulsing of the radar over a wide frequency range.
You can test if a conductivity meter is transmitting a magnetic
field. All you need is a small coil of wire and an audio amplifier;
the frequency of most of these instruments is in the audio frequency
range and you will be able to hear the hum. That same equipment can
also test a magnetometer; the energizing signal going to the sensor
of a proton magnetometer will cause a click.
The signals to the
sensors of other types of magnetometers may also be audible.
I generally keep each of my geophysical instruments wrapped in a
sheet of clear plastic.
While this does not make the measurements
any better, and probably does not make the instruments last much
longer, it does keep them from getting scratched in brush and other
accidents. If they do not look like they have been carelessly
handled, other people who use them take better care of them.
If you are making a large number of measurements, a computer
will be very valuable for recording the data. With a paper copy of
your measurements, the condition of your recording is immediately
visible. Since this is not true for a digital copy on a disk, you
will have to make extra care that your data are not lost or otherwise
unusable. The best protection is one of making several copies of the
data on separate floppy disks. In high risk situations, you may need
to keep these disks in separate locations.
The data should be
recorded in the standard format of ASCII (American Standard Code for
Information Interchange); this will allow the data to be recovered
even if the disk directory is damaged. With computerized instruments,
it is important to be able to transfer the measurements to a computer
in the field; this will allow a partial days's data to be saved and
the memory of the geophysical instrument to be cleared. Small and
portable computers are common now, but you should try to make sure
that the one you choose will operate on several sources of power;
these may include the internal battery, a car battery, and also
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another separate and external battery.
The hazards from your geophysical instruments are minor. If you
are concerned about the radio waves emitted by a radar, you should
evaluate the power and frequency from them. Most resistivity meters
have a rather low voltage and current; they can give a very
noticeable shock, but not a serious one.
Some high powered
resistivity meters, for very deep exploration, can have very
dangerous voltages; these are not needed for archaeological surveys.
Generally, the hazards of geophysical survey are quite similar
to those of general archaeological work.
The safety practices of
surveyors and petroleum geophysicists provide some guidance to
geophysical surveys at archaeological sites (Tibbs 1987; Professional
Surveyor 1992; International Association of Geophysical Contractors
1982).
Because geophysical surveys can be done in the rain, it is
important to know how to be safe when lightning might strike nearby
(Lee 1977; Berger 1980).
The greatest hazard of a geophysical survey for passers-by is
usually just tripping on all of the wires and ropes which are spread
around the site.
While guide ropes usually have to be staked and
tight, wires can be slackened so that they cause little difficulty.
Most of the hazards which are encountered when doing geophysical
surveys are just caused by common plants (Lampe 1984) and insects
(Biery 1977). Poison ivy, whose leaves have a skin irritant, causes
difficulty for geophysical surveys because of all of the wires,
ropes, and instruments which are set or moved on the ground. These
field items may pick up the irritating resins, which are later
transferred to the unsuspecting geophysicist, perhaps at another
site.
If there is a field of clean grass nearby, it is a good
practice to drag the equipment through this before it is packed up.
Dangerous animals are very uncommon, and normal practices are
all that are needed (Klauber 1982). Non-dangerous animals cause the
most difficulty.
Dogs may try to run off with your ropes and cows
will nibble on your instruments.
Special survey conditions
Geophysical surveys are most commonly done in quite civilized
and pleasant locations. A small number of them are done in unusual
or difficult circumstances of weather or location.
Some references
to procedures which might help you are given here.
These emphasize
the particular problems which are encountered in doing technical
field work.
General references to camping or survival are not
listed.
Surveys can readily be done at remote locations from isolated
field camps (Dillon 1989; Land 1978; Gordon 1975; Volunteers in
Technical Assistance 1975; Farkas 1970; John 1965).
Transportation
of equipment and supplies is the major factor, so the light weight
instruments may have first priority.
Electrical power will be
necessary for the instruments; if the survey will require a few weeks
of field time, rechargeable batteries may be better than primary (or
disposable) batteries.
Photovoltaic and gasoline-powered electric
generators can recharge these batteries.
If the area of field work is separate from the camp site, it can
be best to leave the geophysical instruments at the work site
overnight. If you do this, you may have to make sure that rain will
not damage the equipment while you are away.
Two layers of good
plastic will provide all the protection you need.
The equipment is
set on one sheet, which is wrapped over the top of the pile. Then, a
second sheet is wrapped around that and tucked below the first. This
provides protection from both rainfall and also water washing along
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the ground's surface. If there is a possibility of fire at the site;
you will need to make precautions for that also.
The foraging of
wild animals is also a factor to consider.
Rather
few
modern
authors
have
described
the
detailed
considerations for doing scientific work like geophysics at remote
sites, but their writings can provide valuable guidance (Rainey 1992;
Rosendahl 1984; Mallowan 1974; Kielan-Jaworowska 1969; Ronne 1961).
Special
practices
are
needed
for
cold
or
polar
work
(Professional Surveyor 1986; Griffith 1976; Perla and Martinelli
1976; MacDonald 1969; Bertram 1957). Radar surveys can be easier in
the snow; the antenna sleds are easier to pull. Batteries can have a
very short life; they may have to be kept inside the operator's
clothing.
The liquid crystal displays (LCDs) of some instruments,
and computers, will not operate in cold weather. Some types of hand
warmers are based on the heat generated by the rusting of iron powder
in a saline solution; these cannot be used if you are doing a
magnetic survey. Because of all of the clothing which is worn, it is
much more difficult for the operator of a magnetometer to be
nonmagnetic in the winter.
If the ground is frozen, a resistivity
and a seismic survey may not be practical. If you wish to survey a
lake, it will be easiest to do when the water is frozen in the
winter. Irritating insects are almost never found in the winter.
Geophysical surveys in hot weather are little different from
other types of field work (Glen 1980; Adolph and Associates 1969).
The primary difficulty is usually dust. If the recorders of a radar
are lifted on tables to a height of 1 m or so, this will often
provide good protection from some blowing dust. In very hot weather,
the LCDs of some instruments will go completely black; these will
need to be cooled in the shade. If the soil is very dry, resistivity
surveys will give erratic and unreliable readings; if a half liter of
water is poured on each electrode, adequate measurements may be
possible.
In areas with a hot and humid climate, the humidity generally
causes more difficulty for the equipment than the heat (Hyzer 1974;
Porkert 1974).
For longer surveys, fungus may grow on the
instruments or supplies.
High voltage difficulties might be found
also; radar equipment and computer monitors are potential problems.
All of the geophysical surveys can be done in the rain. If bare
soil is at the surface, resistivity, radar, and seismic surveys can
be quite messy, for these surveys have equipment on the surface of
the ground.
The messiest surveys of all are done when there is
freezing mud.
If there are thorny bushes at the site, they will
quickly rip most rain coats and other plastic sheets when you walk
through the bushes.
Be sure to keep waterproof writing paper
available; normal paper will be useless.
I have never done a geophysical survey in a cave, but I do not
believe that there are any limits past the difficulties of other cave
work.
Geophysical surveys can be done in cellars, buildings, and
tunnels if wished.
Geophysical surveys can also be done at night easier than most
other types of field work.
While I have not tested it myself, the
geomagnetic field is quieter at night (Parkinson 1983 p. 262), since
the site is then shielded from the Sun by the Earth.
If a survey
finds interference from electrical machinery or traffic, a survey at
night may be considered; seismic and conductivity surveys may be much
improved.
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Notes on the Figures
Detailed information on the surveys and interpretations is given
in this section.
This information is for reference, rather than
reading. If you have a detailed question about the procedures of my
work, the answer will probably be here.
Fig. B1: A test of this meter was made during the National Park
Service course on archaeology and remote sensing which was held at
Fort Laramie, Wyoming, in 1994.
This test was done by a group
composed of Lucy Johnson, Pete Gardner, Leslie Drucker, Bob Yohe, and
Diana Yupe.
A Gossen Geohm 3 resistivity meter indicated a
resistivity of 310 ohm-m when connected to the four electrodes.
Fig. B2: The two seasonal soundings were done on line N85; they
were centered at E0 and E65.
The locations are slightly offset in
the figure in order to distinguish them.
The circles mark the
electrode points at the greatest separation between the electrodes.
Fig. B3:
The resistivity measurements for this map and all of
the other resistivity maps here were made with a Gossen Geohm 3 earth
resistance meter.
The map is rather similar to that measured with
the Geonics EM38 conductivity meter.
The correction described with
Fig. C72 has been applied to this map. The survey was done on 4 May
1992 (10:46 - 16:15), using the pole-pole
configuration
of
electrodes; measurements were plotted at the midpoint between the two
moving electrodes.
Two ropes defined the line of each traverse;
these calibrated ropes were placed along east-west lines 5 ft (1.5 m)
apart. Measurements were made alternately with the array north-south,
then east-west. For the north-south orientation, the two electrodes
were placed at the same east coordinate on the two ropes.
For the
east-west orientation, the two electrodes were set along the same
rope. For each new measurement, it was only necessary to move one
electrode. Except for the correction of the north-south measurements,
the map has not been smoothed. The reference electrodes were at the
locations mapped in Fig. C157; the resistance between these
electrodes was measured to be 6300 ohm. The direction of the north
arrow on this contour map (and all of the other contour maps) is less
accurate than the north arrows on the interpretation drawings; this
is because the drawing of the arrow is pasted on the contour map, and
there could be an error in its alignment.
Fig. B4:
The lines of two pseudosections are shown in the
figure. This is a 3x3 E-W striation smoothed version of Fig. B3.
Fig. B5: The northern-most line in the grid was measured three
times, one after another.
The differences between the surveys are
primarily due to errors in location of the electrodes.
Fig. B6:
The offset Wenner configuration had its middle
electrode at E50 N85, and the electrode spacing was 1.5 m.
Measurements were made at rotational increments of 5 degrees.
The
upper diagram plots the measurements with the contrasts exaggerated
by assuming the middle of the circle has a resistivity of 350 ohm-m.
The survey was done on 2 April 1993 (12:14 - 13:23) and the Gossen
Geohm 3 was used. The broken line offset curve was measured with the
array offset from the midpoint in the direction shown; the solid line
is the average of the two offsets.
Fig. B7: The resistivity sounding shown in Fig. C74 is plotted
with 5 circles to mark the greatest electrode spread.
The line of
the resistivity and EM profiles over a pipe is marked by a broken
line at the top of the figure.
The dotted pattern shows the
estimated location of the fort.
Fig. B8:
This survey was done on 8 September 1992 (9:42 13:57), using the same procedures as for the Taylor House survey. The
electrode spacing was 5 ft (1.5 m) and the pole-pole configuration
was used. Measurements were made with the array both north-south and
east-west, with electrode pairs defining the edges of 5 ft squares.
There were no bees at the southeast corner of the grid during this
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survey, and this corner could be surveyed. The reference electrodes
were located at their normal points for surveys on this side of the
park road (the potential electrode was at E100 S500 and the current
electrode was at E500 S600).
Measurement traverses were made eastwest with the aid of two ropes. It was found that the line averages
with the array north-south were somewhat more irregular than with the
array east-west, although the differences were much smaller than
those at the Taylor House. For this survey area, the best correction
for this error was found to be that of forcing the line averages of
the measurements with the array north-south to be the same as the
average of the averages of the lines to the north and south, which
were measured with the array east-west.
The interpretation of this
data is given in Fig. A42.
Fig. B9:
The high resistivity along the lines of some of the
bombproof trenches is more apparent here.
The northernmost trench
was partly detected, as was the third from the north.
The second
trench was rather clearly detected, but the fourth trench was not
detected. There is little correlation with the magnetic survey. This
map has been smoothed from Fig. B8 with an east-west 3x3 striation
filter.
Fig. B11: The 325 measurements of this map were measured on 7
September 1992 (14:19 - 16:02).
The spacing between the electrodes
was 5 ft (1.5 m) and the pole-pole array was oriented both northsouth and east-west.
The electrodes were placed at even 5 ft
multiples in the grid and the measurements were recorded at the
midpoint between the two electrodes.
There were 11 one-point
anomalies which appear to be measurement errors; these were primarily
resistivity lows and the measurements were replaced by the average of
the four adjacent points. Traverses were made along north-south lines
and the measurements perpendicular to the guide ropes were only
slightly greater than the measurements with the array parallel to the
guide ropes.
The averages with the array east-west were forced to
the average of the averages of the adjacent lines with the array
north-south.
Fig. B12: The line of a resistivity pseudosection is marked at
S25. A 3x3 north-south striation smoothing has been applied to the
original data to create this map.
Fig. B13:
The 84 measurements of this survey were made on 7
September 1992 (17:02 - 17:30). The normal pole-pole array was used
with an electrode spacing of 5 ft (1.5 m); traverses were northsouth. As with the other resistivity surveys at Fort Morton, the
average values on each line with the array perpendicular to the
traverse were forced to the average of the adjacent lines, made with
the electrodes along the line of the guide ropes.
From the four
resistivity maps made at this site, it was found that the resistivity
measurements were always higher with the array perpendicular to the
guide ropes than parallel to the guide ropes, by an average of 3.1%;
this is equivalent to saying that the electrode spacing perpendicular
to the two ropes was about 5 cm too small.
This is a reasonable
error; while it is readily corrected, it would generally be better to
use a rigid bar to hold the electrode spacing correct whenever this
is practical.
Fig. B14: The two profiles have a shift between them which is
about 10 ohm-m or 6%.
This is probably caused by a spacing error
between the electrodes, and the measurements with the array parallel
to the pipe are probably in error.
The electrode spacing was
intended to be 5 ft (1.5 m); this was set by two parallel ropes, but
they must have been slightly too far apart. This survey was done on
7 September 1992 (16:20 - 16:36), making measurements with intervals
of 2.5 ft (0.8 m).
The Gossen Geohm 3 was used with the normal
reference points.
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Fig. B15: A simple schematic of a resistivity meter is shown. A
current is sent through the soil between the outer pair of
electrodes. The resistivity meter also measures the voltage at the
inner pair of electrodes; it then calculates the ratio of voltage (V)
divided by current (I) and displays is as a resistance, in ohms. This
resistance can be converted to the parameter, apparent resistivity,
by multiplying resistance by the electrode spacing (S) and by twice
pi.
Fig. B16:
The vertical lines indicate a suggested sequence of
the spacings between the electrodes of the sounding. For most of my
soundings I use the sequence: 0.1, 0.15, 0.2, 0.3, 0.4, 0.5, 0.7, 1,
1.5, 2, 3, 4, 5 m. As you can see, the lines are then rather equally
spaced along the horizontal, logarithmic axis of the graph, and this
provides the most efficient sequence for analysis.
For the 1979
sounding, the measurements were not quite as uniformly spaced along
the graph.
This analysis assumes that the soil interfaces are
horizontal and abrupt; while most soil interfaces would be rather
gradual, the approximation of abrupt changes is generally adequate.
Fig. B17:
These are called two-layer curves; they are
calculations which assume a simple and standardized upper stratum. It
has a thickness of 1 m and a resistivity of 100 ohm-m. The different
curves then plot how a resistivity sounding would look if the
infinitely thick lower layer had a different, but constant value of
resistivity. The ratio of the resistivity of the lower layer to the
upper layer is indicated by the numbers at the right hand side of the
graph. These graphs were calculated by the procedure given by Tagg
(1964 p. 37).
Fig. B19:
The details on this sounding are included with Fig.
C159.
The offset Wenner configuration was used for this sounding.
With it, five electrodes are set along the line, but four of them are
used at a time; these are the four on the left or the four on the
right.
For the offset configuration, the average of these two
resistivity values is calculated. The procedure is further described
in Volume C.
Fig. B20:
The compass was rested on a wooden rod for support
and the apparent angle to a distant stake was measured along a line
which passed close to the buried iron object.
The compass was a
Suunto model KB-14, which can be read to a precision of 0.1 degree.
Two separate traverses were made on the line and both show the same
deflection. The survey was done on 23 October 1992, between 8:40 and
9:30.
With the monopole model of Fig. C55, it is possible to
calculate the deflection of a compass, and this agrees with the
measurements. The difference is simply due to a calibration error of
the compass.
Fig. B21:
The maximum deflection is found next to the iron
object.
Fig. B22: The numbers show the pattern of the changing strength
of the Earth's magnetic field. Measurement traverses were made only
going toward the north and parallel lines progresses toward the east.
This survey was done as part of a training course coordinated by
Steven De Vore, of the National Park Service.
The students in the
course measured this magnetic map.
The magnetometer for the survey
was loaned by Bob Sonderman and Barbara Little of the National
Capital Area of the National Park Service.
The E0 N0 point in the
figure has an actual site coordinate of E40 N3.
The Fredericksburg
A-index on 9 June 1993 was 8; on the next day, it was 25.
Fig. B27: These two curves show the range of variability which
was measured during this survey. The curve at the top is unusually
quiet and smooth.
The A-indices shown in the figure are from the
magnetic observatory at Fredericksburg, Virginia.
The base station
curve for 25 June 1992 shows a larger irregularity than usual; there
is a particularly large deviation at about hour 17. Both curves show
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the typical decrease near noon.
The measurements were made with a
Geometrics G-856AX proton magnetometer; the coordinates of the sensor
are shown in the figure.
The sensor was always at an elevation of
about 8 ft (2.4 m) in order to minimize the effect of objects near
the surface; the sensor staff was tied to a tree trunk and the
readout was set on the ground next to the tree. Local time is shown
at the bottom of the figure; for the January record, this is Eastern
Standard Time; it was Eastern Daylight Time for the June data.
Fig. B28: The object is assumed to be a dipole, with a moment
of 0.3 Am^2. The Earth's field is assumed to have the parameters of
Petersburg:
strength = 53,200 nT, inclination = 66 degrees,
declination = -7 degrees (grid angle).
Fig. B29:
Each calculation area covers a 5 m square.
The
average half-width of each anomaly is about 1 m and the depth of the
object is indeed 1 m below the elevation of the calculations.
The
source is a magnetic dipole with a moment of 0.31 Am^2; this
approximates 1 kg of iron with only remanent magnetization. As with
Fig. C43, three different types of magnetometers are shown at three
magnetic latitudes. Note that since the moment is constant for each
latitude, the magnetic anomaly decreases by about half at the
equator. The anomaly patterns here are the same as those for the 1 m
cube in Fig. C43; therefore the shape of that source cannot be
resolved at this sensor elevation.
Fig. B30: For model #1, the sources are rectangular prisms with
a total moment of 300 Am^2 for each span (this is the total length of
the east-west and the north-south segments).
For this model, the
pipe is assumed to have only induced magnetization; the culvert below
the park road has this magnetic pattern.
The iron pipes near the
former farm may be steel pipes which appear to show primarily
remanent magnetization; these match model #2.
For that model, the
directions of magnetization of the dipoles, which were spaced by 12
ft (3.7 m), were chosen semi-randomly; each dipole has a moment of 20
Am^2.
Fig. B31: The general anomaly of the square slab at the top has
its typical form. The small square inside is a hole in the middle of
this magnetic slab. The high caused by the hole in the slab is lost
in the gradient of the nearby low. These models are calculated at a
45 degree magnetic latitude. The slab is 6 m on a side and it has a
1 m hole in it.
Its magnetic susceptibility is 0.01 and its
thickness is 1/6 m; the top of the slab is 1 m below the sensor. For
the overhead object, a dipole with a moment of 3.13 Am^2 is assumed
(about 10 kg iron); this dipole is 3 m above the sensor and is
located at the asterisk in the figure.
Fig. B32:
The survey was done on 13 August 1991, during the
period 15:20 - 16:55. The sensor height was 0.85 m and measurement
traverses were made going to the east. The Gem GSM-19FG was set up
to make measurements automatically at 1 second intervals, and the
traverse speed was adjusted to pass 5 ft measurement points at this
rate; a buzzer alerted that each measurement was made. A rope with
marks at 5 ft intervals guided the lines of traverse. This rope was
moved every 3 lines, since the 5 ft offset could be estimated. Due
to a recording error, measurements were not made at the E50 point on
each line. Base station measurements were made at 20 s intervals and
the Fredericksburg A-index on this day was 9. A Geometrics model G856AX proton magnetometer was used for all of the base station
readings for these magnetic surveys.
For the surveys at the Taylor
House, the sensor was typically placed against a tree trunk at W132
N36 with the sensor at an elevation of 2.4 m. The correction for the
temporal variation in the magnetic field was done by determining the
time at which each spatial measurement was made and subtracting the
base station measurement from it.
The base station measurement was
estimated by making a linear interpolation between the measurements
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made before and after the spatial measurement.
A high gradient at
W115 N90 prevented a reading there.
Because of the very strong
magnetic low near W20 N20, the contour lines there are not completely
drawn; the lowest contour lines has a value of -300 nT. A comparison
of this map to the map in Fig. B33 (2.5 ft spacing) reveals errors in
this map.
At E25 N40, E35 N50, and E5 N65 there are magnetic lows
which must be due to measurement errors during the magnetic survey.
There is also a spurious magnetic high at W115 N90.
The cause of
these errors is not known. The contour lines are not complete at the
high amplitude anomaly around W25 N20; blanks in the middle of other
anomalies also indicate these very high amplitude anomalies.
Fig. B33:
The spacing between measurements was 2.5 ft (0.8 m)
in both the north-south and the east-west directions.
The sensor
height was 0.8 m. Traverses were made going to both the east and the
west. The alignment rope was moved after every 5 traverses, since an
offset of 5 ft could be estimated by eye. The survey was done on 27
January 1992, between about 14:15 and 16:00.
The Fredericksburg Aindex on the day of this survey was 18.
The base station
magnetometer was in the area of Fort Morton, at E499 S301.
Two
trains went by during this survey, but I was between lines of
measurement then.
The survey was probably done with polarization
continuously on, and with an external trigger.
The blank area near
W20 N20 is due to the fact that the contour lines for very low
anomalies were not drawn. The broken line contours are at intervals
of 5 nT. When I mapped the original data, I found a slight amount of
striations in the map.
I determined that these were caused by a
perspective or parallax error in my location of the magnetic sensor
for each measurement; the sensor was far enough in front of me that I
could not tell its exact location on the ground. I stopped slightly
short of the desired point.
I corrected the map by shifting
alternate lines of measurement by 1 ft to the east or west.
Fig. B34:
This survey was done during the period of 25 - 27
June 1992.
The Gem GSM-19FG Overhauser magnetometer was operated
with an external trigger with the sensor at the front end of a 8 ft
(2.4 m) long bar; the height of this bar and the sensor was 0.85 m.
Measurement traverses were made going toward the west.
The
Geometrics G-856AX proton magnetometer had its sensor against a tree
trunk at W132 N36 on the west side of the grid. The interval between
base station measurements was 15 s. The Fredericksburg A-indices on
the three days were 16, 10, and 15. The survey was halted when any
trains were passing on the tracks to the west. A thunderstorm began
at the end of the survey. In the northern part of the map, from N104
- N120 there were 10 measurement spikes, visible as one point
anomalies with an amplitude of about -38 nT (only 2 of the 10 spikes
had a positive anomaly).
These are almost certainly due to
electrical interference from lightning.
The errors were removed by
averaging the 4 adjacent measurements.
The base station did not
appear to detect these lightning effects; this may be due to the
orientation of its sensor.
Fig. B35:
The solid line contours are at intervals of 10 nT
(from -190 to +190 nT), while the broken line contours are at 5 nT
intervals (these are at anomaly levels of -15 and -5 nT). This is an
enlargement of the western third of Fig. B34. Note that there is an
overlap on the three maps.
Fig. B38:
Note that the vertical axis is the negative of the
anomaly; distant objects always cause the magnetic field to be
reduced.
This analysis assumes that the measurements are not made
near the equator and the elevation of the sensor and the objects are
roughly the same.
For a total field magnetometer, the magnitude of
the anomaly decreases as the cube of the distance from the object;
for a gradiometer it decreases as the fourth power of distance. This

72

Figure Notes
explains the difference in the slopes of the two curves. For a total
field magnetometer, the magnetic anomaly of distant objects is:
B = -100 * m / r^3
where B is the magnetic anomaly, in nT, and m is the magnetic moment
of the object.
The magnetic moments of vehicles which I have
measured are: m (car) = 300 - 850 Am^2; m (train) = 9 - 17 (10^4)
Am^2.
At the magnetic equator, the magnetic anomaly of distant
objects is different from what is found at other latitudes. To the
east or west, the anomaly is negative; to the north or south, it is
positive. At all latitudes, the change in anomaly with distance is
the same for large distances.
Fig. B39: The survey was done with the Gem GSM-19FG, which can
be operated as a base station, a total field magnetometer, or as a
gradiometer. The lower sensor was at an elevation of 1.0 m and the
upper sensor was at 2.0 m. Since I did the survey by myself, I fixed
the two sensors on a triangular wooden frame which I pulled along the
lines of the survey. The traverse directions were both to the east
and to the west. The survey was done on 30 June 1992, between 10:08
and 14:27. The base station was the G-856AX, with measurements at 15
s intervals; the sensor was in the tree at W132 N36. The survey was
stopped for a passing train (at a distance of 103 m) which caused a 15 nT anomaly. The Fredericksburg A-index was moderately high at 27.
The Gem instrument makes simultaneous measurements at its two
sensors. The base station measurements allowed the total field at
both sensors to be corrected for the temporal change. The solid line
contours are at intervals of 10 nT, while the broken line contours
fill in parts of the map with 5 nT intervals.
The linear magnetic
low along N42.5, and just south of the foundation anomaly, is
apparently a measurement error.
The magnetic low near W25 N20 has
not been fully contoured.
Fig. B40:
This survey was done during the period of 22 - 27
June 1992. Measurement traverses were made going alternately to the
east or west and parallel lines progressed to the north.
Westwardgoing traverses were made along lines with line coordinates which
were a multiple of 5. The instrument was the Gem GSM-19FG Overhauser
magnetometer which had its sensor at an elevation of 0.8 m. The base
station magnetometer measured the temporal change in the Earth's
field at 60 s intervals; it was a Geometrics G-856AX proton
magnetometer whose sensor was tied to a tree 2.5 ft southwest of E500
S300. At this distance, passing trains cause the magnetic field to
drop by about 1.4 nT; spatial measurements were halted for these
passing trains.
Fig. B42:
The symbols mark the estimated location of the
magnetic objects; the key to the different types of symbols is shown
in Fig. A30.
The upper number indicates the estimated mass of the
object in kg, and assumes that it is iron with a magnetic moment of
0.3 Am^2/kg.
The lower number of the pairs indicates the estimated
depth of the object in meters.
Dots without numbers indicate
magnetic objects which were not interpreted. This is usually because
it is likely that the object is caused by modern iron debris; in a
few cases, the anomalies were not clear enough for interpretation.
The lines connecting objects indicate the likely path of buried
segments of iron pipe. The Fort Morton grid extends across the park
road at the upper left corner, and no survey was done there.
Fig. B44:
A total of 374 magnetic anomalies were interpreted
for the analysis of the Fort Morton survey. The total iron mass was
estimated to be 3512 kg and the average mass per object is 9.4 kg;
the average depth of the objects is 0.67 m.
Because of the large
number of anomalies to be interpreted for this map, a computerassisted approach was used.
The program first located the peaks of
all anomalies automatically, and then sorted them in order of their
magnitude.
Starting with the highest amplitude anomalies, the
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program listed the peak value, and also the values radiating from the
peak to the north, south, east, and west.
This allowed me to
estimate the background value.
The program then calculated the
radius of the anomaly to the four half amplitude points and displayed
these.
I would then accept those radii which were reasonable, and
the program would calculate their average, and then double it to give
me the half width of the anomaly.
This value and the peak allowed
the depth and mass of the object to be calculated.
The mass was
calculated from the equation m = Ba * W^3 / 56, in kg, where Ba is
the peak anomaly and W is the half-width. The program also estimated
the direction to the magnetic low from the local gradient of the
field to a resolution of 45 degrees. I would check if this direction
was reasonable, and then the program would locate the source of the
anomaly a distance of 1 ft (0.3 m) in that direction.
Since the
magnetic map at Fort Morton was made with a measurement spacing of
2.5 ft, I did not make a detailed mathematical model for the analysis
of each anomaly.
Fig. B46:
It is possible that many of the objects with an
interpreted depth of 0 could be modern iron trash just at the
surface. While visible iron objects were moved from the survey area,
leaves or grass could cover many objects.
These shallow objects
appear to be most common in the wooded or unmown areas, just where it
is most likely that modern trash would accumulate.
Fig. B47:
The broken line is a curve which shows likely
interpretation errors. As an example, assume that an object has been
interpreted as having a mass of 1 kg and a depth of 1 m.
It is
possible that the actual mass and depth are not those values, but the
actual value of mass and depth would probably fall along the broken
line curve. Points along this curve have the same anomaly amplitude.
It is always most likely that depths and masses are estimated to be
too large than too small. See also Fig. A99.
Fig. B48: While most of the map is contoured with an interval
of 1 nT, the high anomaly amplitudes have a 5 nT interval; the abrupt
shift in the density of contour lines reveals the change in the
contour interval.
The survey was done on 7 August 1992 with
measurements spaced by 1 ft (0.3 m).
The sensor height was 0.75 m
and the sensor was carried on the horizontal staff.
Traverses were
made going toward the south, and parallel lines progressed to the
east. The survey was stopped for three trains. The spatial map was
corrected with the magnetic base station at E499 S301, making
measurements at 30 s intervals.
The magnetic field was moderately
irregular on the day of this survey, with an A-index of 20 at
Fredericksburg, Virginia.
A value of 0.5 nT was added to the
measurements on line E333 and 0.8 nT was subtracted from line E334 to
correct for a striation.
There were 17 one-point anomalies with an
amplitude of about 4 nT; these appear to have been caused by
lightning noise, and they were smoothed by averaging the adjacent
four readings. The blank line at the bottom of the map is the result
of a recording error in the magnetometer.
Fig. B49:
The measurement at each point was replaced by the
average of the nine measurements which surround the point; this is a
3x3 matrix smoothing. The striations in Fig. B48 are accentuated by
the close spacing between measurements.
While these striations do
not have a serious effect on the interpretation of the data, the
contour lines are rather jagged; this makes the patterns in the map
more difficult to see.
Fig. B50: The shift between the 1 nT and 5 nT contours is seen
by the change in the line spacing of the high amplitude anomalies.
The sensor elevation was 0.75 m and the Gem GSM-19FG Overhauser
magnetometer was operated with the sensor on a horizontal staff. The
measurement spacing of this resurvey was 1 ft (0.3 m); traverses were
made going toward the north and parallel lines progressed toward the
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east.
The survey was done on 6 August 1992 and the A-index at
Fredericksburg, Virginia, was 19; the base station magnetometer was
at E499 S301 and measurements were at 30 s intervals. Three trains
passed during the survey; a magnetic shift on line E500 at S35 may be
due to a train (not heard until it was close).
Striations were
reduced by adding constants to these lines: E471 = -0.8 nT; E472 =
+0.5 nT; E474 = -0.7 nT; E475 = +0.5 nT; E483 = -1.0 nT. A total of
14 points had noise interference of about 2.5 nT; these points were
replaced by the average of the 4 adjacent measurements. There is an
overall gradient in the area of the magnetic map which is caused by
the magnetic low of the large iron source near E525 S145.
Fig. B51:
The maps on the left plot the measurements made at
the upper and lower sensor of a total field gradiometer. This survey
was done with the Gem GSM-19FG operating in its gradiometer mode. The
calculated gradient from these two maps is plotted in the lower right
corner. The contours of the gradient map are at 100 nT/m intervals,
with additional 10 nT/m contours shown with broken lines. While this
gradient map was measured on 21 October 1992, a separate total field
map was measured on 27 June 1992 and this is plotted in the upper
right of the figure. Base station magnetometers corrected the total
field maps.
On 21 October, the base station was at E499 S301 and
measurements were at 15 s intervals; the A-index at Fredericksburg,
Virginia, was 6.
For the 27 June survey, the base station was at
W132 N36 and measurements were at 15 s intervals; the A-index was 15.
Fig. B52: For each of the three cross-sections, the surface is
at the top of the section.
These three sections indicate that the
conductivity reading will change if the depth of an interface
changes, the thickness of a layer changes, or the concentration or
density of a material changes laterally.
Fig. B53:
This survey was done on 3 September 1992 and
measurements were spaced by 1 ft (0.3 m); with this close spacing,
the shape of the curves is quite accurate. The bar was at its normal
height of 1 m.
The width of the negative-going anomaly (at the
background level of about 8.3 mS/m) is 3.6 m; this is about the coil
spacing of the EM31.
Fig. B54: This survey was also done on 3 September 1992; after
it was finished, the standard deviation of the EM noise was 0.13
mS/m. The pipe at about E275 S130 was also traversed with the bar
parallel to the pipe and it also revealed a sharp low immediately
over the pipe.
At other sites, the EM31 has indicated only a high
conductivity over a pipe when the EM31 is parallel to it; perhaps
this may be due to the lower spatial resolution of those other
surveys.
Fig. B55:
This survey was done on 5 September 1992, at about
11:25; Fig. B93 is a plot of the noise which was measured just before
the start of this survey.
The EM38 was at an elevation of 1.25 ft
(0.4 m) and the data have not been adjusted for elevation.
The
dipoles were vertical and the measurement spacing was 1 ft (0.3 m).
Fig. B56: The metal plate was iron, with a thickness of 1.1 mm.
The metal mesh was made of soldered or welded iron wire; the square
holes in the mesh had sides of 0.5 inch (1.3 cm) and the wire
diameter was 1.3 mm. The loop was a shorted one-turn square coil of
wire; the diameter of the wire was 1.3 mm also. All of these objects
were insulated from the ground.
The measurements were made on 8
October 1992 in my yard, and the soil conductivity is seen to be
about 6 mS/m. The measurement interval was 1 ft (0.3 m).
For this
test, the "depth" of the objects is 0.4 times the intercoil spacing
of the EM31.
Fig. B57: The half-widths of these anomaly highs are all about
the same, with an average of 1.1 m; this is less than the distance of
the objects from the EM38. For this test, the "depth" of the objects
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is 1.5 times the intercoil spacing. This test, like that plotted in
Fig. B58, was done on 8 October 1992.
Fig. B58: Both were the same size: 14 cm squares. Measurements
were made at intervals of 0.25 ft (7.6 cm).
Fig. B59:
These tests were done on 20 October 1992 near the
visitors' center of the park. The EM38 was hung from the branch of a
tree with its bottom edge 0.8 m above the ground.
The four iron
artifacts were moved below the instrument, making measurements at
intervals of 0.1 m along a line below the length of the EM38.
The
thickness or height of the artifacts has not been subtracted from the
"apparent depth" of the objects below the EM38.
Fig. B60: The same aluminum foil used in Fig. B58 was used for
this test. The EM38 was hung in a tree at an elevation of 0.5 m and
the foil was moved below the instrument in a grid pattern with
measurements at intervals of 0.1 m; the area of the test is a
rectangle of 1.2 by 1.8 m. The dipoles of the EM38 were vertical. A
background value of 2.3 mS/m has been subtracted from all of the
measurements.
The map should be symmetrical in each quadrant; the
differences are due to errors resulting from noise, tilt of the EM38,
and mispositioning.
This test was also done in my yard, on 10
October 1992. A defect in the contouring program, Surfer, causes one
contour line (at -5) to be missing its tick marks.
Fig. B61: This is an enlargement of a section of Fig. B98. This
object was detected on east-going traverses with both the 180 MHz and
the 315 MHz radar antennas; the depth from the radar profiles was
either 0.4 or 0.5 m. An analysis of the high resolution magnetic map
indicates an object at a depth of 0.45 m at this point.
Fig. B62:
For this very fast survey, the traverses were done
quickly, without averaging the measurements with the data logger. The
survey was done on 11 August 1991, between 10:10 and 11:40; this
survey was done immediately after the main survey of this grid (at a
spacing of 2 ft) was completed. After this survey was finished, the
noise standard deviation was measured to be 0.05 mS/m. The EM31 bar
was east-west, as was the traverse direction; parallel lines
progressed to the north.
The integration time of the EM31 (1 s)
caused the measurements to be striated; this was removed by shifting
alternate lines to the east or west by 4 ft (1.2 m).
The shifting
was
done
by
resampling
along
the
lines
using
a
quadratic
interpolation of three adjacent measurements.
Fig. B63:
This survey also had a 5 ft (1.5 m) measurement
spacing, but it was done more carefully than the survey plotted in
Fig. B62. It was done on 9 October 1991, between 13:00 and 14:45. No
adjustment or lateral shifting was needed for this survey.
The
traverses were made with westward traverses only, and parallel lines
progressed toward the south.
As before, the bar of the EM31 was
east-west.
After the end of the survey the standard deviation of
repeated measurements was measured to be 0.03 mS/m.
Fig. B64:
The measurement spacing was 2 ft (0.6 m) for this
survey.
This survey was done during the period 8 - 9 August 1991.
Traverses were made going to the east and west. The Metrosonics data
logger (dl-712) was set to sample the EM31 at intervals of 0.5 s and
to average for a period of about 5 s (or 9 samples) The bar height
was about 1 m.
On 8 August 1991, the standard deviation of
stationary repeated measurements was 0.10 mS/m.
Parallel lines
progressed toward the north.
Fig. B65: This map is quite similar to that of Fig. B64, with
the bar east-west; the measurement spacing was also 2 ft for this
survey. The survey was done during the period of 9 - 11 August 1991.
The sampling was done the same as with the survey shown in Fig. B64.
Traverses were still made to the east and west, but the EM31 was put
in a wooden pack frame for this perpendicular orientation; the
instrument height was then about 1.1 m. Parallel lines progressed to
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the south.
Fig. B92 illustrates two noise tests which were done
during this survey.
On 11 August, the EM31 noise had a standard
deviation of 0.04 mS/m.
A total of 4386 measurements are in this
map; the same number generated Fig. B64.
Unlike the Fort Morton
grid, no adjustment of the measurements was needed for this survey.
Fig. B67: Contours are drawn for the range -2 to 2 mS/m.
Fig. B68: The measurements of Fig. B66 have been smoothed with
a 3x3 matrix averaging in order to simplify the map. The high values
in the far background are in a general area of debris.
Fig. B69: The survey was done on 8 March 1992 between 12:08 and
14:32, or about 2.5 hours. The height of the bar was 2.5 ft (0.8 m)
and it was aligned east-west. Traverses were made east and west, and
parallel lines progressed toward the north.
The Metrosonics dl-712
sampled at 0.5 s intervals and averaged for about 3 s (or about 5
samples per measurement).
After the survey was finished, the
standard deviation of the EM38 noise was 0.03 mS/m, although a 5 s
averaging period was used for that test.
The measurements were
converted to approximate the measurements at the surface by
multiplying them by 1.54. No smoothing has been done to the data.
Fig. B70: The measurement spacing was 2 ft (0.6 m). Traverses
were made going to the east and west and parallel lines progressed to
the north. The EM38 bar was oriented east-west also; since the coils
are at the ends of the bar, the line between the coils was east-west
also. The dipoles were vertical and the instrument was lifted 2.25
ft (0.7 m) in the air. The EM38 was encased in a Styrofoam plastic
thermal shell; this was the first survey which I used this
insulation. A triangular frame of plastic pipes supported the EM38.
The Metrosonics dl-712 data logger recorded the measurements; it was
programmed to sample the EM38 values at 0.5 s intervals and to
average for about 5 s (9 samples) for each recorded measurement. The
survey was done during the period of 3 - 5 October 1991.
Standard
deviations of the values of stationary measurements were as follows:
3 October 1991 = 0.02 mS/m; 4 October = 0.04 mS/m. The original data
showed level shifts of 0.5 mS/m in the apparent conductivity after I
restarted the survey after stopping to download data to a computer or
at the start of a new day.
Three perpendicular test lines (W120,
W34, and E50) done at the end of the survey provided a correction for
the level shifts of the EM38 from line to line. A correction for the
elevation of the instrument was made by multiplying all measurements
by a factor of 1.54 in order to approximate the readings which would
be measured with the instrument on the surface.
Except for these
corrections, no smoothing has been done to the measurements.
The
contour range is 0 - 15 mS/m and the two blank areas have higher
conductivity.
Fig. B71:
The differences between Fig. B70 and Fig. B71 are
primarily the result of measurement and positional errors.
This
survey was done the same as that shown in Fig. B70, except that the
bar of the EM38 was oriented north-south.
The traverses were still
done in an east-west direction, but the parallel lines progressed
toward the south.
The survey was done during the period of 5 - 7
October 1991. The measurement noise was 0.03 mS/m on each of these
days.
The east-west line averages were forced to be the same as
those from the survey shown in Fig. B70.
Fig. B72: The average of Fig. B70 and Fig. B71 is plotted here.
The difference between the two figures was also calculated, but it
revealed primarily noise.
Fig. B73:
A 3x3 matrix smoothing was done on Fig. B72 to get
this figure.
Fig. B75:
Measurements were made at 5 ft (1.5 m) intervals
along the lines. On 24 January 1991, I made the measurements at even
multiples of 50 ft (such as S100 and S150); on 16 March 1991, I added
lines at intermediate 25 ft intervals, such as S25, S75.
All of
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these lines were remeasured later during the full survey of this
area.
Fig. B76: This survey was done with the Geonics EM31 during the
period of 27 April - 2 May 1991. The dipoles of the instrument were
vertical, as is normal. The long bar of the EM31 was oriented eastwest and was at a height of about 1 m.
Traverses were made in an
east-west direction and parallel lines progressed toward the north.
Measurements were made at 5 ft intervals; at each measurement point,
the EM31 was sampled at a rate of 2/s with a Metrosonics dl-712 data
logger; the logger averaged for a period of about 2 s, for a total of
about 5 samples in the recorded average at each point.
The
conductivity of the soil is typically in the range of 6 - 9 mS/m. The
standard deviation of the temporal noise was measured to be 0.03 mS/m
on 30 April and 0.08 mS/m on 1 May 1991. The contours are drawn in
the range of 2 - 17 mS/m; blank areas have apparent conductivity
which is either more or less than this range.
Fig. B78: Contour lines are drawn at +0.2 and -0.2 mS/m. While
there are other ways of isolating small-area anomalies, this method
is suitable for this area.
Fig. B79:
The survey was done 20 - 25 June 1991 with the
Geonics EM38.
The instrument was raised by 1 ft (0.3 m) above the
ground, partly to reduce the effect of small metal objects and partly
to simplify the survey in the wooded area.
The EM38 was tied to a
triangular frame of plastic pipe to hold it at the correct height.
The dipoles of the EM38 were vertical; the length of the EM38 was
east-west, the same as the traverse direction.
The survey began at
the south end of the area and parallel lines progressed toward the
north; the entire 600 ft (181 m) length of the area was surveyed in
one continuous line. The measurements were recorded in a Metrosonics
dl-712 data logger.
This logger was programmed to sample the EM38
values at intervals of 0.5 s; these samples were averaged for a
period of about 5 s at each measurement point, and therefore about 11
samples were averaged for each recorded measurement.
The 11,828
measurements are plotted in the map.
The standard deviation of the
measurement noise was monitored on two of the survey days: 22 June =
0.25 mS/m (see Fig. B94); 24 June = 0.07 mS/m. This survey was done
before a thermal shell was constructed for the EM38, and there were
changes in the measurements as the temperature of the instrument
changed.
As with the EM31 survey, four check lines were measured
after the survey was finished. These check lines went perpendicular
to the direction of the original survey, on lines E100, 300, 500, and
700.
These check lines were used to correct for the drift of the
instrument's readings along each line by forcing the along-traverse
slopes of the original measurements to these lines.
These check
lines also adjusted for the line-to-line drift of the instrument, as
was
done
for
the
EM31
survey.
The
measurements
have
been
approximately corrected from the elevation of 1 ft down to the
surface by multiplying each of them by 1.16. The complexity of the
contours prevents line labels in the map; contours are drawn in the
range of 8 - 18 mS/m.
Fig. B80:
The many metallic objects caused a large number of
abrupt measurement changes; this made the map more difficult to
smooth. First, the measurements were truncated to hold them within a
range of 0 - 15 mS/m.
Then the 740 most anomalous points were
replaced by the average of their 4 neighbors.
Finally, a striation
smoothing was applied to the data. For this striation smoothing, the
points along the line of traverse are given a weight of 2, while the
points along the lines to the north and south are given a weight of
1; the sum of the 9 numbers is divided by 12, the sum of the weights.
Fig. B81: This figure is done the same as Fig. B78. It is the
difference of Fig. B79 and Fig. B80. Only the two contour lines of
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+1 and -1 mS/m are drawn.
The hachured lines indicate conductivity
lows.
Fig. B82:
The main part of this survey was done on 9 August
1992.
Traverses went to the north or south and parallel lines
progressed to the east.
The dipoles were vertical and the bar was
aligned north-south; the measurement spacing was 1 ft (0.3 m).
The
Metrosonics data logger was set to sample at 2/s, average two samples
for each measurement, and automatically store the measurements at 1 s
intervals.
The traverse speed was adjusted to 1 ft/s so that the
measurements were registered in time and distance.
A tree and a
bumblebee nest at the southeast corner prevented readings there. On
3 September 1992, lines E405 - 425 were resurveyed because of the
interference found there on the original survey; the 0.15 mS/m shift
in the measurements on the two days was corrected. A north-south 3x3
striation filter was used to smooth the measurements.
Fig. B83: While the contours are at intervals of 0.5 mS/m, it
was not practical to include the conductivity levels on the contours,
because of their complexity. The survey was done on 11 August 1992
(9:04 - 15:00) and the standard deviation of the noise during the
survey was rather high at 0.24 and 0.37 mS/m.
The sferic noise
increased during the day, and parallel lines progressed to the east,
where noise is more evident. The EM38 was encased in the Styrofoam
shell and tied to a pair of 2.4 m long boards to make a travois. The
bottom of the instrument was at an elevation of about 1.25 ft (0.4 m)
and the dipoles were vertical. Traverses were made to the south, and
measurements were made at 1 ft and 1 s intervals; the dl-712 data
logger was programmed to sample at 0.5 s intervals and average 2
samples.
The logger was about 1.1 m from the nearest coil of the
EM38.
The data were corrected to the surface by multiplying the
measurements by 1.25, however, no line-to-line adjustments were
needed for the data, and the measurements are not smoothed.
Fig. B84: Some of the trends in the data are apparent in this
3x3 striation smoothed map.
Both this figure and Fig. B83 have a
hachure error on a contour line near E375 S235. The lowest contour
is at a level of 5 mS/m; the strongest low values have blanks at
their middles.
Fig. B85:
The breadth of the lows indicates the clarity
(amplitude and width) of the small-area anomalies; a greater breadth
may also indicate that the object has a larger size and a shallower
depth. This map is a difference: Fig. B83 - Fig. C60. The contour
line is at a level of -1 mS/m on the map. This map could also have
been generated by a high pass filter map of the original data, rather
than subtracting the low pass filtered data from the original map.
Fig. B86: For this map, wherever values were found to be less
than -0.3 mS/m, the values were replaced by the average of nearby
measurements.
A 3x3 striation smoothing was also applied to the
measurements for this map. While the low pass filtered map of Fig.
C60 rather enlarges the area of the anomalies, the anomaly sizes have
not been changed much in this map.
Fig. B87:
The survey shown here was done on 3 September 1992
(11:30 - 13:47); the noise was 0.04 mS/m before the survey and 0.07
mS/m after the survey.
Measurements were made at 1 ft (0.3 m)
intervals along south-going traverses; parallel lines progressed to
the east. The EM31 bar was north-south at a height of about 1 m, and
the dipoles were vertical. The measurements were 1 s averages of two
samples, and the traverse speed was 1 ft/s.
An earlier survey was
done on 9 August 1992 (16:02 - 18:25), but the noise at the end of
the survey was 0.13 mS/m and the data were not usable.
A 3x3
striation smoothing filter has been applied to the original
measurements for the data in the figure.
Fig. B88: This map averages the measurements of three separate
surveys with the EM38.
Two surveys with the bar of the instrument
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north-south were averaged.
These surveys were done on 5 September
1992 (8:36 - 11:14) and 3 December 1992 (8:07 - 10:49). The EM38 was
in the insulating shell and mounted on the wooden travois, at a
height of 1 - 1.25 ft. Traverses were made going north-south, with
measurements at intervals of 1 ft and 1 s; the Metrosonics dl-712 was
operated in its autocycling mode.
The noise at the end of both
surveys was 0.10 mS/m. The third survey was averaged with the first
two; this survey, made with traverses to the east, was done on 21
October 1992 (8:19 - 11:58) but otherwise used the same procedures as
the other two surveys.
The standard deviation of the noise of
stationary measurements was found to be 0.09 mS/m at the end of this
survey.
The measurements in the map have been corrected to the
ground surface, and have had line-to-line adjustments for instrument
drift, but have not been smoothed.
Fig. B89: A 3x3 matrix smoothing has be done on the data.
Fig. B90: Four different surveys are mapped in the figure; two
of the surveys were done with the EM31 and two with the EM38.
The
EM31 survey was done once with the instrument's bar north-south and
once with it east-west.
The two surveys are averaged in the upper
left map, while the difference (east - north) is plotted at the upper
right. With a single orientation of the EM bar, the low is an oval
which is elongated in the direction of the bar; the averaged map
eliminates this elongation. The EM38 magnetic susceptibility map, on
the right, is rather similar to the EM38 conductivity map.
The
contour interval of the susceptibility map is 0.25 ppt, which is a
susceptibility of 0.00025 in SI units; note that the interior
contours of two strong lows are not completed.
The spacing between
measurements for all surveys was 1 ft (0.3 m); therefore, each map is
created from 961 measurements.
The Metrosonics dl-712 data logger
recorded all the measurements.
It was set to automatically store
measurements at 1 s intervals; the logger sampled the data at 0.5 s
intervals
and
two
samples
were
averaged
for
each
recorded
measurement. The first EM31 survey was done on 27 June 1992;
traverses were made going toward the east, and the bar was east-west.
The second EM31 survey was done on 4 September 1992; traverses were
made going toward the north and the bar was oriented north-south. The
EM31 was also operated in its susceptibility mode on 10 August 1992
over the iron anomaly; since the map of that data is almost identical
to the conductivity map, it is not included here.
The EM38
conductivity survey was done on 10 August 1992 (15:39 - 16:59); the
dipoles were vertical, the bar was east-west, and traverses were made
to the east. The instrument was carried in its thermal shell with the
aid of a shoulder strap, holding it at an elevation of 1 ft above the
ground. The measurements were corrected to indicate the values at the
ground surface.
The EM38 susceptibility survey was done on 4
September 1992 (15:29 - 16:45).
The dipoles were vertical; the bar
was east-west, and traverses were made to the west. The readings of
apparent conductivity were converted to magnetic susceptibility.
Fig. B92: The EM31 was operated with its dipoles vertical.
Fig. B95:
The noise is measured by the standard deviation of
repeated measurements, with the instrument stationary.
Fig. B97: This survey was done on 5 May 1992.
Fig. B98:
This survey was done on 11 December 1991, with the
dipoles vertical and the bar east-west. The normal dl-712 operating
procedure was used with a 5 s average.
Fig. B99:
These tests were made by three profiles along line
N85 at the Taylor House on 21 October 1992.
Fig. B100:
The resistivity has usually been determined from
resistivity soundings; in a few cases, the resistivity has been
determined by EM measurements or from a resistivity map or a
measurement with a single electrode spacing. The average resistivity
is determined from a depth model of the resistivity soundings; the
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resistivity for each layer (within the depth range of the radar) is
multiplied by its thickness and the resulting sum of products is
divided by the maximum depth of radar echoes.
Fig. B101:
This and the following three profiles were made
across the width of the Taylor cellar.
This is line E10, and the
survey was done on 22 October 1992.
For every profile in this
report, the tick marks at the tops of the profile are at 5 ft (1.5 m)
intervals; double tick marks indicate 50 ft multiples in the
coordinate system along the line of traverse. This profile was made
with a model 3055 antenna, which had a model 705D transceiver. Since
this antenna was not found to be generally the best for this site,
not very much effort was made to optimize the range gain setting with
this antenna.
It is likely that the major cause of the greater
apparent depth with this antenna is simply the fact that the upper
part of the echo from the cellar floor has a very low amplitude and
is not detected in this profile.
Fig. B102:
This is a model 3105 antenna.
The 180 MHz on the
figure indicates the predominant frequency in the spectrum of the
radar pulse; this is determined by the width of the black echo bands.
Fig. B103: This is a model 3102 antenna; the manufacturer calls
this a 500 MHz antenna, but I have found the predominant frequency to
be about 315 MHz in average soil.
The gray echo bands below an
apparent depth of 1.4 m are caused by reverberations in the radar
system; they do not indicate soil strata.
Fig. B104: This profile was made with a model 3101 antenna.
Fig. B105: These profiles are made along line E400 and all were
made on 22 October 1992.
Fig. B106: This 180 MHz antenna was found to be generally the
most suitable for the survey at this site.
Fig. B107: Note that this antenna separates the echoes from the
trenches almost completely from the horizontal echo bands caused
primarily by the surface of the soil. This allows the depth of the
interfaces to be clearly determined.
However, note that the echo
from the third trench from the right (at S240) is quite faint.
Fig. B108:
The northern trench, at S200, still causes a very
distinct echo. This must mean that the soil contrast at its base is
very large and sharp.
Fig. B109:
Both of these profiles are along Taylor House line
N80 and both are profiles made with the model 3105 (180 MHz) antenna;
the survey was done on 2 September 1992.
Fig. B110: These profiles were made on 28 June 1992 along line
N90 at the Taylor House, and both were made with the model 3105 (180
MHz) antenna.
Fig. B111:
These are profiles of line S200 at Fort Morton,
surveyed with the model 3102 (315 MHz) antenna. During the period of
6 - 8 March 1992, there was 7.4 cm (2.9 inch) of rain at the site;
there was no rain on March 4, 5, or 9 and the rain ended before the
morning survey of March 8. The ground was still soggy on March 9.
The lower frequency model 3105 (180 MHz) antenna shows similar
effects. Similar tests at the Taylor house on these two days showed
little difference in those profiles.
Fig. B112: These are profiles of line S200 at Fort Morton; the
survey was done with the model 3102 (315 MHz) antenna. The August 6
profile was made at 12:45 pm; an hour earlier there was heavy rain at
the site.
The rain began slowly early in the morning and ended at
about mid-day.
While the rainfall at the site is not known, at
Hopewell, there was 1.9 cm of rain on the 6th. There was no rain at
the site on August 7 or 8. The complex radar pattern on August 6 may
be caused by lenses of soil which have different moisture content;
these are indicated by the distinct oblique echo lines in the
profile. While all of the Fort Morton depth scales assume a pulse
velocity of 0.09 m/ns, the apparent depth of these features is
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clearly dependent on soil moisture, and the apparent depth is
greatest on 9 March at the Taylor house (see Fig. B111), when the
soil moisture content must have been its greatest.
Fig. B113: Line N32.5 was surveyed on 1 May 1992 with the model
3102 antenna; this object was detected with several antennas and on
perpendicular profiles. Line N72.5 was surveyed on 4 April 1993 with
the model 3101 antenna; the traverse speed with this antenna was 16 s
per 5 ft. The horizontal scale applies to the profile with the model
3101 (900 MHz) antenna.
Fig. B114: Note that one-way echo delay times are used for this
calculation. Often the time scale of a radar profile will show the
full, or two-way, delay time.
If the reflector is large or is
extended in a direction which is not perpendicular to the line of the
radar traverse, a more complicated analysis is needed; see Volume C.
Fig. B116: It is also possible that some reverberations may be
due to the length of a metallic object.
During my 1979 survey at
this site, I studied the reverberations from metal objects, trying to
find out if there was any important information in the frequency of
the reverberations, but I found none.
Fig. B117: This survey was done only with the low resolution or
120 MHz, model 3055, radar antenna. The symbols which I used to mark
the radar echoes were somewhat different for that survey, and I have
not changed them to make them consistent with the symbols from this
later survey.
For that survey, the radar profiles were made
primarily along east-west lines.
After the cellar floor was
detected, I made separate short profiles along north-south lines
there in order to define its shape better.
Fig. B118: Only the profiles from the 1991 - 1993 surveys are
located here. The profiles with the 900 MHz antenna were only made
close to the Taylor House cellar. While only one line was profiled
with the 120 MHz antenna, this was the same antenna which I was used
for the 1979 survey here.
Fig. B119: The average distance between the start of echoes is
14.8 ft. This echo spacing is much smaller than that at Fort Morton.
This survey was done during the period of 29 April - 2 May 1992, and
a total field time of 34 hours was needed.
Fig. B120: The profiles in this area were measured on 30 April
1992 with the model 3105 antenna.
Numbers indicate depths, in dm.
There were 69 lines profiled, with a total length of 6900 ft; there
are 454 echoes mapped in the figure.
Fig. B121:
This survey was done with the model 3105 antenna
during 29 - 30 April 1992.
The numbers show echo depth, in
decimeters.
With 41 profile lines, a total length of 6970 ft was
profiled for this map; there are 553 echoes located on it.
Fig. B123:
The survey was done on 2 May 1992 with the model
3102 antenna. The numbers indicate the depths of the echoes, in dm.
For the 69 lines of profile, there were 370 echoes mapped on a total
length of 6900 ft.
Fig. B124:
Using the model 3102 antenna, this survey was done
entirely on 1 May 1992. The numbers show the depth of the echoes, in
dm.
The traverse direction was to the east.
There are 41 profile
lines, for a total length of 6970 ft. There are 501 echoes mapped in
the figure.
Fig. B125:
The two depth calculations should give the same
number; any difference indicates an error either in location or with
the assumed velocity of the radar pulse.
Fig. B126:
The solid lines mark the profiles which were made
with the 180 MHz antenna, while the dashed lines show the profiles
with the 315 MHz antenna. Some of the lines are slightly offset from
their true path, so they do not obscure other lines.
Fig. B127: Survey with a 180 MHz antenna on 29 April 1992. This
profile closely follows the southern wall of the cellar, although the
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wall is at a slight angle to the line of traverse.
The shallower
echoes at the far ends of the cellar could be caused by the tops of
the cellar walls. The radar detects moderately complex and irregular
fill within the cellar, but few objects can be isolated.
Fig. B128:
The survey was done on 30 April 1992 with a model
3105 (180 MHz) antenna.
The halves of two arcs are visible at a
depth of about 0.6 m on the left at right sides of the cellar; it is
possible that these are caused by echoes from the brick side walls of
the cellar. The depth scale assumes that the velocity of the radar
pulse is 9.4 cm/ns; this velocity has been assumed for all of the
profiles in the area of the Taylor House, independent of the survey
date or the radar antenna. Depth actually means range. The mapped
echoes are plotted at the bottom of the profile and the numbers
indicate their depth, in m.
Tick marks at the top of the profile
indicate 5 ft intervals; these marks were placed by pushing a button
on the handle of the radar antenna whenever the midpoint of the
antenna passed a 5 ft mark on the guide rope.
Double tick marks
indicate 50 ft intervals in the grid system. The traverse speed of
the radar antenna was 8 s per 5 ft; this was controlled by an
electronic metronome which beeped at 1 s intervals. Unless otherwise
stated, all profiles made with the model 3105 antenna have this same
traverse speed.
The radar was set to measure depth scans (vertical
lines) at a rate of 12.8 scans per s; therefore, the line spacing
between depths scans was 1.5 cm. These scans are faintly visible as
vertical lines in the profiles; only every other scan is printed in
these illustrations.
The traversing direction of the radar antenna
was to the north here, as is conventional; the left side of a profile
was always measured earlier than the right side.
Fig. B129:
Both traverse directions of the model 3102 antenna
are included in the statistics. There are a total of 539 echoes from
west of W10, and 306 echoes from the east side.
Each side is
normalized to those sums to give the fractions which are plotted; all
echoes within each depth interval of 0.1 m are added.
Fig. B130:
The survey was done on 29 April 1992 with the 180
MHz antenna. This echo was similarly detected on line N65; however,
on line N62.5, there was a shallow reverberation in this area. The
echo was not detected at all on the north-going traverses.
This
evidence suggests that there is a metal object like a pipe or wire
which goes along a north-south line in this area.
This object was
clearly detected by the 1979 radar survey also, and it is illustrated
in Figure 2 of the publication (Bevan, Orr, and Blades 1984);
however, the depth of the object listed there (1.4 m) was incorrectly
too large because the low frequency model 3055 antenna could not
detect the shallow echo at 0.6 m.
Fig. B131: Note that depths are in cm here; depths in the other
radar maps are in dm. The radar survey was done during 2 hours on 4
April 1993 with the model 3101C antenna. For the 13 lines, a total
length of 780 ft was profiled and 48 echoes were mapped.
Fig. B132:
The lines which were surveyed with the low
frequency, model 3055 (120 MHz) antenna are slightly offset and are
indicated as a long-short dash line.
Note that the primary survey
was done only with the 180 MHz antenna. Since this antenna and the
315 MHz antennas were both about equally suitable here, only one was
used.
Fig. B133: The map is the result of radar profiles with a total
traverse length of 34,560 ft.
There are 1365 echoes mapped here,
which indicates that the separation from the start of one echo to the
start of the next averages 25.3 ft.
A total of 43 hours of field
work was needed to generate the profiles of this map.
Fig. B134: This survey was done with the model 3105 (180 MHz)
antenna during the period of 6 - 8 December 1991. A total length of
19,155 ft was profiled on 68 lines, and 785 echoes are mapped here.
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The spacing between the lines of profile was 10 ft and the traverses
were made going toward the east. The maximum length of the profiles
was 300 ft, and long profiles were broken at the E400 ft point. The
fine-lined print of this figure is needed because of the small
details of the echoes and the closely-spaced numbers.
Fig. B135:
The numbers indicate depths in decimeters (dm); in
some cases, a range of depths indicates the actual range of the
echoes. This survey was done with the model 3105 (180 MHz) antenna
during the period of 8 - 10 December 1991. A length of 15,405 ft was
profiled on 62 lines, and 580 echoes are mapped in the figure. The
spacing between the profile lines was 10 ft and the direction of
traverse was to the south; this direction is backward from the
typical and standard direction because it allowed the traverses to go
from the grassy area into the wooded area, and this is much easier
than the opposite. Long traverses were broken into two spans: from
S0 to S300 and S300 to S450.
The profile spans were interpreted
separately, and the interpretation symbol can change at the junction
between the two segments of a traverse.
Fig. B136:
The profiles with the 180 MHz antenna are marked
with a solid line, while the 315 MHz profiles are indicated with a
broken line.
Fig. B137: Survey on 26 June 1991. The traversing speed of the
radar antenna was 12 s per 5 ft; this is 0.13 m/s or 0.46 km/hour.
Since the scan rate of the antenna was set for 12.8 scans per second,
the scan lines were spaced by 1.0 cm; this printout has every other
scan on it, so the spacing between vertical scan lines here is 2 cm.
Fig. B138: The bombproof trench is the third from the north. To
the east of E450, the profile crosses the unmown area of the site;
the profile shows no difficulty there.
The survey was done on 8
December 1991 with the 180 MHz antenna.
Fig. B139: Survey 6 December 1991 with the 180 MHz antenna.
Fig. B140: The iron pipe causes a strong echo at E359. Survey
6 December 1991 with the 180 MHz antenna.
Fig. B141:
Both profiles were made with the 180 MHz antenna;
the profile of line S70 was made on 6 December 1991, while line E250
was profiled on 9 December 1991. It is possible that this wire goes
from about E263 S10 to E250 S80. The very distinct echo on the right
hand side of the E250 profile is caused by an iron pipe there.
Fig. B142: The distinct echo at E160 is caused by an isolated
object in front of the fort.
A perpendicular profile was not made
here. Survey 7 December 1994 with the 180 MHz antenna.
Fig. B143: There is an indication of reverberation on the right
hand half of the road echo. Survey 7 December 1991; 180 MHz antenna.
Fig. B144: Solid lines indicate the lines profiled with the 180
MHz antenna, while broken lines show the path of the 315 MHz antenna.
Fig. B145: This map reveals how the clarity of an echo pattern
can change along the length of a trench. Some of the echoes appear
to extend from one trench to another along the north-south lines;
this is partly caused by the indistinct boundaries on some of the
patterns. This map was generated from a total profile length of
12,155 ft.
A total of 513 echoes are plotted here, indicating an
average spacing between the starting points of echoes to be 23.7 ft.
A total of 25 hours of field work was required to make the profiles
for this map.
Fig. B146: The survey was done on 5 August 1992 with the model
3102 antenna.
For the 42 lines of profile, with a total length of
4070 ft, a total of 174 echoes were mapped.
The numbers show echo
depth in dm.
Fig. B147: This survey was done of 5 and 6 August 1992 with the
model 3105 antenna.
For the 40 lines of profile, a total of 170
echoes were mapped in the length of 3985 ft.
East-going traverses
were made with the model 3105 antenna later in the day of August 6;
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the rain that afternoon reduced the quality of these profiles and
they were not interpreted. The numbers show the depth of the echoes
in decimeters, dm (10 dm = 1 m).
Fig. B148: The field work for this map was done on 2 September
1992, using the model 3102 antenna.
This survey was done shortly
after a relic hunter had excavated holes in this area.
The total
profile length of 4100 ft was done with 41 traverses; a total of 169
echoes are mapped. The numbers show the echo depth, in dm.
Fig. B149:
The cross-sectional diagram is included with the
historical map of Fort Morton, Fig. A72. It has been registered with
the radar echoes. Survey 6 August 1992 with the 315 MHz antenna.
Fig. B150: The lines for the model 3102 (315 MHz) antenna are
offset from the actual line of traverse so that these lines may be
distinguished from the lines of the 180 MHz antenna.
Fig. B151: The survey was done during 9 hours of field work on
8 August 1992. A total profile length of 4900 ft was generated along
86 lines. There are 248 echoes mapped in the figure.
Fig. B152: This survey was done on 8 August 1992 with the model
3102 antenna. The spacing between profile lines is 2.5 ft and most
were made with east-going traverses. Only three lines were made with
south-going traverses, and these echoes are mapped here also.
The
numbers show echo depth, dm; the orientation shows traverse
direction.
Fig. B153: This is also the model 3105 antenna, and the survey
continued on 8 August 1992. The numbers show echo depth, dm.
Fig. B154: This survey was done with the model 3105 antenna on
8 August 1992.
Fig. B155: Survey 8 August 1992 with the 180 MHz antenna. The
radar profiles indicate a line of echo arcs along E485; these are
plotted in Fig. B152. At first I thought that this marked the line
of a buried pipe or wire; since the conductivity and magnetic surveys
do not detect this, there must be another cause. The line of echoes
is probably caused by the bottom corner of the fortification trench;
this is acting like a corner reflector; corners are also strongly
detected by airborne radars.
Fig. B156:
Some of these apparent pits may also be bays into
the side of the trench, but most are isolated pits.
Survey 8
December 1991 using the 180 MHz antenna.
Fig. B157:
The field work required about 3 hours on 28 June
1992. A total of 26 lines were profiled, with a total length of 780
ft.
A total of 66 echoes are mapped, and the numbers next to the
echoes show their depth in decimeters. Note that the 3l5 MHz antenna
was only used for profiles to the east and the 180 MHz only profiled
to the south.
Fig. B158:
The two profiles are along perpendicular lines and
are made with two different antennas.
Note that the depth of the
feature here is about 0.4 m, less than that from the interpretation
of other geophysical data; this suggests that part of the metallic
mass is at a shallow depth, while the major part of the feature must
begin at a greater depth. Survey 28 June 1992.
Fig. B159: The survey area of the Iron detail is located just
behind the main fortification trench at the fort.
Fig. B160:
The survey was done on 1 December 1992 (16:22 16:37).
Only a single pair of these pots were prepared for this
test, so no adjustment of the differences between pots was needed.
The upper 2 - 3 cm of the grass turf was scraped away, and the moving
pot was set on the surface of the soil. The resistance between the
pair of pots was measured to be 9000 ohm, much lower than for the AgAgCl electrodes.
The measurements were made at 30 s intervals, and
the voltage dropped by about 2 mV during that period.
After the
measurement traverse to the east was finished, the point at E510 was
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measured again and the difference between the two readings was only
0.2 mV.
Fig. B161: This survey was done on 25 October 1992, using the
large-surface electrodes. The first survey was done by just setting
the electrodes on the surface of the ground; about half of the
surface was covered by rather dry grass.
While the voltage changed
with pressure, it was measured with no pressure on the electrodes.
The first survey was done during 12:25 - 12:46, while the second
survey was done 13:19 - 13:49. For the second survey, the grass was
scraped from the surface at each electrode location in order to
expose the bare soil. In two locations, a slight excavation of the
grass roots was made, and this raised the voltage at the electrode.
The voltage of these Tinker and Rasor electrodes drops by about 1.5
mV when sunlight shines into the transparent inspection window on the
side of the electrodes.
Fig. B162: Stainless steel electrodes were driven to a depth of
about 13 cm and measurements were made at 30 s intervals.
During
that 30 s, the voltage usually rose by about 0.15 V; this large rise
may account for much of the irregularity of the measurements.
The
survey was done 1 December 1992 (15:43 - 15:58).
Fig. B163: The 25 October 1992 survey was done during 10:45 11:18 with the six Ag-AgCl electrodes; electrode #0 was the reference
negative.
The resistances between the electrodes were measured
relative to electrode #0 before the start of the survey, and while
the electrodes were in a KCl bath; these values (in kilohms) were: #1
= 60; #2 = 85; #3 = 55; #4 = 23; #5 = 50. All measurements were made
with a Fluke model 8060A digital voltmeter.
After the first 5
electrodes were placed in the soil, the sequence was as follows,
assuming the measurements move to the right: Measure the voltage at
the left electrode; move the voltmeter to the next location to the
right; core a hole on the right and remove the plug of soil; pull the
left electrode; wash it in water and place it in the new hole on the
right. The electrode numbers cycled 1234512345 ... and the electrode
number was recorded along with the voltage.
The inter-electrode
resistance, with the electrodes in the soil, was measured only two
times during the survey; both values were about 110,000 ohms. It was
found that the voltages changed by about 3 mV when the electrodes
were moved about the bottom of the cored holes.
The voltage at an
electrode increased by about 4 mV in a minute after it was placed in
a hole; the measurement sequence above allowed this voltage to
stabilize before it was recorded.
The inter-electrode differences
were adjusted by subtracting constants from the measurements with
each electrode; these constants were: #1 = 37 mV; #2 = 45 mV; #3 =
33 mV; #4 = -1 mV; #5 = 24 mV. On 2 December 1992, the measurements
were made between 10:06 - 10:52. The procedures were the same as with
the earlier survey. However, for this survey, measurements were made
at exact one minute intervals, in order to make the temporal drift of
the electrodes in the holes about the same.
It was easier to push
the soil corer into the earth in December than it was in October.
Fig. B164:
The survey was done on 2 December 1992 (11:27 12:17). The procedures described with Fig. B163 were applied except
that the measurement interval was fixed at 30 s per measurement.
Fig. B165:
The survey was done on 25 October 1992 (14:52 15:45). The procedures were the same as for the survey illustrated
in Fig. B163.
The voltages would change by 3 - 10 mV when the
electrode was moved across the bottom of the 1 inch (2.5 cm) diameter
cored holes, which were about 13 cm deep. At E479, the corer dropped
abruptly, so there is probably the tunnel of a rodent there.
Fig. B166: These measurements are just as noisy as all of the
other measurements with the Ag-AgCl electrodes. The survey was done
on 2 December 1992 (13:39 - 14:37), making measurements at 30 s
intervals with the procedures described with Fig. B163.
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Fig. B167: This was the only SP map which was made; all of the
other surveys were single, isolated lines. Measurements were made at
2 ft (0.6 m) intervals for this map. The original measurements are
plotted in the upper left corner of the figure. The 256 measurements
were made on 26 October 1992 (9:40 - 14:12). Traverses were made to
the east and west, and parallel lines progressed toward the south.
The 6 Ag-AgCl electrodes were used in sequential order, and
measurements were made at intervals of 1 minute.
The negative
reference point was at E510 S130. Normal procedures for soil coring
were used, and about 10% of the holes encountered fragments of brick.
Possible rodent tunnels were found at two points along line S160: at
E510 and E534.
Fig. B168:
This test was made on 25 October 1992 (10:33 10:44) just at the start of the measurements shown in Fig. B163, and
the moving electrode was at E411.
Fig. B169:
Six Ag-AgCl electrodes were placed together in a
water basin containing a solution of KCl for these tests. Electrode
#1 was selected for the reference negative electrode and the voltages
of all of the other electrodes were measured relative to this one
electrode.
A broken line separates two groups of numbers.
The
numbers below the line were measured in the field during the SP
surveys; the numbers above the line were measured inside, in the
laboratory and with the electrodes continuously in a bath, before the
survey was started. On 14 October 1992, at 5:30 pm, there is a large
change in the voltages; I measured the inter-electrode resistances
before this.
Electrodes #1 - #5 are Ag-AgCl double junction pH
reference electrodes; they have a porous Teflon tip and an epoxy
body. Before this survey, an algae-like growth was removed from some
of the electrodes. Electrode #0 is a single junction electrode with
a glass body; I bought this surplus. During all of these tests, the
average voltage change of the electrodes was 13 mV.
Fig. B170: As with Fig. B169, the measurements shown below the
broken line were measured in the field, while the measurements above
were measured in the laboratory, where the changes in temperature and
light were much smaller. The inter-electrode voltages were measured
with the electrodes grouped together in a bath of copper sulfate in
water.
While the Geoex electrodes were bought in 1980, the Tinker
and Rasor electrodes were bought in 1987.
Unlike the Ag-AgCl
electrodes, no growths appeared on these electrodes after long term
storage; this is probably because CuSO4 is toxic to organisms. Both
the Tinker and Rasor and the Geoex electrodes have a copper rod which
dips into the saturated solution of copper sulfate in water.
Fig. B171: Measurements were recorded with the Metrosonics dl712 data logger; it averaged samples for an interval of 30 s and the
samples were taken at either 1 or 15 s intervals.
Fig. B172: The central point of the SP anomaly is estimated to
be at E525.8 S144.8 and the distances from this point to all of the
original measurements, shown in the upper left part of Fig. B167, are
plotted along with the measured voltages. While a bipole model (with
poles at depths of 4.3 and 11 m) gave a poorer fit to the
measurements, the data are so noisy that these models cannot be
reliably distinguished.
Fig. B173: The data for this figure, and also Fig. B174, Fig.
B175, Fig. B176, and Fig. B177 was kindly sent to me by Brooke
Blades. No samples were taken in the northwest corner. The chemistry
of these samples was measured by the Soil Testing Laboratory of the
Agronomy Department of the University of Maryland in July 1979. I do
not know what are the units of these measurements.
Fig. B177: High pH means that the soil is more acidic.
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